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Radio over bre (RoF) systems oer the bandwidth and 
exibility for
generation and distribution of future wireless access standards in an op-
tical access architecture, which reduces the cost of the networks by cen-
tralising signal processing, and simplifying remote antenna sites. The
use of optical communication systems as transport medium in RoF links
is reducing the current access bottle neck between the wireless access
standards and current wired access in a converged optical domain. The
optical access networks are moving towards 10 Gb/s capacity with stan-
dards like 10GEPON, leaving a bottle neck between the wireless and
optical access. This has led to a great research eorts in generation and
distribution of high capacity (10 Gb/s and more) wireless links using
RoF.
In this thesis the use of photonic techniques for generation, distribution,
and detection of high capacity vector modulated wireless signals is in-
vestigated. This thesis is mainly dedicated to the photonic generation
of advanced spectral ecient wireless signals with modulation formats
like quadrature phase shift keying (QPSK), multi-level quadrature ampli-
tude modulation (M{QAM). The work presented in thesis is categorised
in two parts: The rst part deals with photonic techniques involving
electrical coherent techniques for both modulation and demodulation of
wireless signals, whereas the second part contains all optical incoherent
techniques for modulation of demodulation of wireless signals.ii Abstract
In the rst part of this thesis, several system architectures for generation
and detection of wireless signals are presented, which are numerically
evaluated and experimentally demonstrated. A novel concept called pho-
tonic vector modulation (PVM) for generation of multi-level quadrature
amplitude modulated (M{QAM) millimetre wave wireless signals is pro-
posed. Based on this technique, signal generation of 10 Gb/s 16{QAM
and QPSK wireless is presented in this thesis. Performance of the wire-
less signals generated using PVM is analysed in a recongurable WDM
network. Based on the similar concept a demodulation technique for M{
QAM wireless signals named photonic vector demodulation (PVdM) is
presented. Both the PVM and PVdM techniques use electrical coherent
techniques. The use of I/Q optical modulator for generation of disper-
sion tolerant dierential phase shift keyed (DxPSK) and use of passive all
optical demodulation of DxPSK signals using 1-bit delay Mach{Zehnder
interferometer (DMZI) is investigated.
In the second part of the thesis, a novel demodulation technique of wire-
less signals, which is both dispersion tolerant and radio frequency trans-
parent, using optical coherent detection and digital signal processing is
presented. The use of digital signal processing and homo-dyne coher-
ent detection for high speed optical communication systems led to in-
vestigation of new modulation technique based on optical heterodyne
mixing of free running lasers. Using this technique, wireless signal at
record capacities of 20 Gb/s using QPSK modulation in the 75{110 GHz
band is presented. Based on the similar technique, use of optical OFDM
used in optical baseband links, for generation of high capacity wireless is
also investigated, and wireless signal generation of up to 40 Gb/s using
OFDM{QPSK modulation is addressed.
The main outcome of the work presented in this thesis are listed as fol-
lows:
￿ A 10 Gb/s QPSK indoor wireless link demonstration in the 60 GHz
band using photonic vector modulation.
￿ Non coherent demodulation technique transparent to RF frequency,
and tolerant to dispersion based on optical coherent detection and
digital signal processing.iii
￿ QPSK wireless signal generation based on heterodyne mixing of
free-running lasers.
￿ Optical OFDM based 40 Gb/s wireless signal generation and co-
herent detection based demodulation.ivResumen
Las sistemas de radio sobre bra (Radio over bre ROF) ofrecen el ancho
de banda y 
exibilidad necesario para la generaci on y distribuci on de del
se~ nales inal ambricas del futuro en una arquitectura de red  optica, que
reduce el coste de las redes centralizando el procesado y simplicando la
ubicaci on de la antena (estaci on de base EB). El uso de sistemas de comu-
nicaciones  opticas como una media de transporte de se~ nales inal ambricas
en enlaces RoF reduce el cuello de botella entre los est andares de acceso
inal ambrico y cableado en un dominio convergente  optico. Las redes de
acceso  opticas est an evolucionando con capacidades de hasta 10 Gb/s con
el est andar 10GEPON, dejando un cuello de botella entre tecnolog as de
acceso inal ambrico y  optico. Eso ha motivado gran esfuerzo de inves-
tigaci on en la generaci on y distribuci on de se~ nales inal ambricas de alta
capacidad (>10 Gb/s) basada en RoF.
En esta tesis ha investigado el uso de t ecnicas fot onicas para la gen-
eraci on, distribuci on y demodulaci on de se~ nales inal ambricas moduladas
vectorialmente. Este tesis esta principalmente dedicada a la generaci on
de se~ nales inal ambricas espectralmente ecientes como la modulaci on de
fase en cuadratura (QPSK) o modulaci on de amplitud cuadratura de
multinivel (M-QAM). El trabajo presentado en este tesis est a clasicado
en dos partes: la primera de ellas trata de la t ecnicas fot onicas que uti-
lizan se~ nales el ectricas coherente para le generaci on y demodulaci on de
se~ nales inal ambricas, mientras la segunda parte trata de usar se~ nalesvi
 opticas incoherentes. En la primera parte de la tesis, est an presentadas
diferentes arquitecturas de sistema y est an analizada num ericamente, y
demostradas experimentalmente. Un nuevo concepto denominada \mod-
ulaci on vectorial fot onica"(PVM) es propuesta para la generaci on de
se~ nales inal ambricas con una modulaci on M-QAM. Basando en esta t ecnica
se presenta la generaci on de se~ nales de capacidad 10 Gb/s con una modu-
laci on de QPSK y 16{QAM. La comportamiento de dicho se~ nales en una
red WDM  optica recongurable se ha analizado. Basando en mismo con-
cepto de modulaci on, se presenta una t ecnica de demodulaci on de se~ nales
vectoriales M-QAM. As  tambi en investiga el uso de un modulador  optico
I/Q para la generaci on de se~ nales inal ambricas con modulaci on de fase
diferencial, y el uso de un interfer ometro  optico (DMZI) para su demod-
ulaci on.
En la segunda parte de la tesis se investiga el uso de detecci on coherente
 optica para aplicaciones de radio sobre bra. El procesado digital de
se~ nales y el detecci on coherente  optica permite el batido heterodino de
l aseres para generaci on de se~ nales inal ambricas vectoriales. Utilizando
este t ecnica heterodino, se presenta la generaci on de se~ nales QPSK con
una capacidad de hasta 20 Gb/s en la banda milim etrica de 75{110 GHz.
As  mismo se investiga el uso de t ecnicas OFDM  optica para la generaci on
de se~ nales de muy alta capacidad y presenta resultados de generaci on de
se~ nales con una capacidad de 40 Gb/s.
Los resultados principales de esta tesis est an detallados a continuaci on:
￿ Demostraci on de una enlace inal ambrico con capacidad de 10 Gb/s
en la banda de 60 GHz usando la t ecnica de modulaci on fot onica
vectorial.
￿ T ecnicas de demodulaci on incoherentes trasparente a la frecuencia
RF, y tolerantes a la dispersi on crom atica de la bra  optica.
￿ Generaci on de se~ nales inal ambricas QPSK usando el batido het-
erodino de l aseres incoherentes.
￿ Generaci on de se~ nales inal ambricas basadas en t ecnicas de OFDM
 optica con velocidades hasta 40 Gb/s.Resum
Els sistemes radio sobre bra (del angl es Radio over Fibre, RoF) ofereixen
el ampli de banda i 
exibilitat necessaris per a la generaci o i distribuci o
dels futurs est andards d'acc es inal⋅l ambrics en una arquitectura d'acc es
 optica, el que redueix el cost de les xarxes al centralitzar el proc es de
senyal, i simplicant l'equipament a la ubicaci o de l'antena. L' us dels
sistemes de comunicacions  optiques com a mig de transport en els en-
lla cos RoF, redueix el coll de botella d'acc es entre els est andards d'acc es
inal⋅l ambrics i els actual accessos per cable en un domini convergent  optic.
Les xarxes d'acc es  optiques estan despla cant-se cap a capacitats de 10
Gb/s amb est andards com 10GEPON, deixant un coll de botella entre els
accessos inal⋅l ambrica i  optic. A c o ha motivat els esfor cos en la generaci o
i distribuci o de gran capacitat (10Gb/s i m es) dels enlla cos inal⋅l ambrics
utilitzant RoF.
En aquesta tesis, s'ha investigat l' us de t ecniques fot oniques per a la gen-
eraci o, distribuci o i detecci o de senyals Inal⋅l ambriques modulades vec-
torialment . Aquesta tesis est a principalment dedicada a la generaci o de
senyals inal⋅l ambriques espectralment ecients amb formats de modulaci o
com el despla cament de fase en quadratura (de langl es quadrature phase
shift keying, QPSK), modulaci o per amplitud multi-nivell en quadratura
(de l'angl es multi-level quadrature amplitude, M{QAM). El treball pre-
sentat en la tesis est a dividit en dos parts: la primera delles tracta les
t ecniques fot oniques que utilitzen senyals el ectriques coherents tant per aviii
la modulaci o com per a la demodulaci o, mentre que la segona part tracta
l' us de senyals completament  optiques sense la necessitat de coher encia.
En la primera part de la tesis, son presentades diferents arquitectures
de sistemes i han sigut avaluades num ericament i demostrades experi-
mentalment. Un nou concepte anomenat modulaci o vectorial fot onica
(PVM) es proposada per a la generaci o de senyals inal⋅l ambriques mod-
ulades en amplitud de quadratura multi-nivell (M{QAM). Basant-nos
en aquesta t ecnica es presenta la generaci o de senyals inal ambriques de
16{QAM i QPSK de 10 Gb/s. S'analitzen les prestacions de les senyals
inal⋅l ambriques generades utilitzant PVM en una xarxa WDM recong-
urable . Basant-nos en el mateix concepte es presenta una t ecnica de de-
modulaci o per a senyals inall ambriques M-QAM. Aix  mateix s'investiga
l' us del modulador  optic I/Q per a la generaci o de codicaci o de fase
diferencial tolerant a la dispersi o, aix  com l' us de la demodulaci o total-
ment  optica de senyals DxPSK utilitzant un interfer ometre (DMZI).
En la segona part de la tesis s'investiga l' us de la detecci o coherent  optica
digital de les senyals per a la seua demodulaci o. El processat digital de
senyals i les t ecniques de detecci o coherent permetixen el batut heterod 
de l asers per a la generaci o de senyals inal⋅l ambriques. Utilitzant esta
t ecnica, es presenta la generaci o de senyals inal⋅l ambriques QPSK amb
capacitats ns 20 Gb/s en la banda de 75{110 GHz. Basada en la mateixa
t ecnica es presenta l us de senyals  optiques OFDM per a la generaci o
de senyals inal ambriques amb una velocitat binaria de 40 Gb/s. Els
principals resultats d'aquesta tesis son els que es detallen a continuaci o:
￿ Demostraci o d'un enlla c inal ambric de 10 Gb/s de capacitat en la
banda de 60 GHz basat en la modulaci o vectorial fot onica.
￿ T ecnica de demodulaci o no coherent transparent a la freq u encia RF
del senyal tolerant a la dispersi o basada en la detecci o coherent i
en el processat digital del senyal.
￿ Generaci o de senyals QPSK inal ambriques amb batut heterod  de
l asers incoherents.
￿ Generaci o de senyals inal ambriques basades en OFDM  optiques
amb velocitats ns a 40 Gb/s.Papers included in the thesis
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Introduction
The society as we know today has been greatly in
uenced by the devel-
opment of telecommunications technology and the invention of internet
and its multimedia rich applications like YouTube, HULU, Facebook, and
others. The Internet has led to the exponential growth in data trac [1]
in telecommunication networks, which in{turn has led to development
of new technologies, and vice versa. The majority of telecommunica-
tion networks are based on bre optic communications, which with the
invention of Erbium-doped bre ampliers (EDFA) [2] has become the
favourite technology for long haul data transport [3, 4]. Optical com-
munication systems are widely deployed all over the world, mainly for
long haul(> 1000 km) and regional/metro communication links. Until
recently, the last mile user connectivity was provided mostly by cable
TV, or through twisted pair (ADSL), which have a very limited band-
width distance product (around 10 Mb/s*km). The most recent access
technology, the hybrid bre coaxial (HFC) can only provide a few tens of
Mb/s to each user, and all these technologies do not meet the bandwidth
requirements of the future. Recently, bre optics is entering the last mile
segment with the passive optical network (PON) technology also called
as bre to the home (FTTH), where 2.5 Gb/s connectivity using a time{2 Introduction
division{multiplexed PONs [5] are already under implementation. The
current state of the art standard for optical access network is a 10 Gb/s
Ethernet based connectivity called 10GEPON [6], and optical access net-
works with 40 Gb/s [7] are being investigated. This sudden increase in
the access networks' capacity is well supported by the advances in metro
and core segment where systems for 100 Gb/s [8{12] or more [13] are
being investigated, with a few of them in deployment.
With the rapid growth in optical access networks, there is a digital
divide emerging where remote areas, and emerging isolated residential
complexes nd it hard to have the last mile bre for either cost or lo-
gistical reasons. For example, the cost of leasing a 1 Gb/s line can be
around 10,000 USD per month, and cost of trenching can be as high as
250,000 USD in metro areas [14]. In such cases, wireless access has al-
ways played a crucial role in expanding the reach of access networks in a
cost{eective manner. On the other hand, wireless access through wire-
less LANs, WiMAX, LTE, etc are evolving rapidly, and capacity of 100
Mb/s per user are already under consideration. But for the wireless tech-
nology to support the current optical access, data rates up to 10 Gb/s or
more are currently needed, for extending the reach of the optical access
networks. Some other applications of such high capacity wireless links
are inter-building gigabit connectivity, emergency service deployment, re-
dundancy links, etc. A recent survey in the United States [15] revealed
that around 90% of commercial buildings are about 2 miles away from
a metro-ring network, and a Gb/s wireless technology could potentially
connect all these building to the metro network.
To provide multi-Gb/s wireless links, new frequency bands like the mil-
limetre wave (mmW) bands have to be considered [14]. The advantages of
the mmW bands are the availability of a few GHz of bandwidth, which
may provide wireless links with Gb/s capacity. Another advantage is
the low beam-width of the higher mmW bands, which in combination
with high gain antennas enable higher spatial multiplexing and frequency
reuse [16]. Of the mmW band spectrum, the 60 GHz (57-64 GHz) band,
and the 70/80 GHz (71-76/81-86 GHz) are mostly considered by var-
ious wireless system developers. The frequency bands of 120 GHz or
140 GHz (both unregulated) are under investigation for very high ca-
pacity wireless. To provide 10 Gb/s wireless links in these frequency1.1 Why photonics? 3
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Figure 1.1: Schematic of a microwave photonic link.
bands, spectral ecient modulation formats like quadrature phase shift
keying (QPSK),m{ary quadrature amplitude modulation (M{QAM), or
even orthogonal frequency division multiplexing (OFDM) based modu-
lation must be considered especially in a bi{directional link scenario.
1.1 Why photonics?
Generation and transmission of radio signals was previously performed
using electrical technology, where the bandwidth and transmission dis-
tances were not in comparison with today's requirements. With the
invention of the laser [17], and hence the birth of optical communica-
tions, the bandwidth and the distances started to increase drastically.
In parallel, the use of optical communications for transmission of ra-
dio/wireless signals started to gain a lot of interest [18{21] owing to
the great advantages of photonic technologies like high bandwidth, 
ex-
ibility, and low transmission losses. This eld of using photonic tech-
nologies for microwave applications is named as Microwave Photonics
(MWP) [22{25] and its applications for transmission and distribution of
radio signal is referred to as Radio{over{bre (RoF). Some of the main
applications of MWP include high performance analog links [26,27], cel-
lular/mobile links [28{30], RADAR, CableTV [31,32] etc. All these ap-
plications are possible because of the advantages of MWP technology like
low cost, small form factor, low attenuation, higher operational frequen-
cies, etc [24]. Another application of MWP technology is Gb/s wireless,
which will be introduced in the next section.
Figure 1.1 shows the basic schematic of a MWP link. The basic compo-
nents of a MWP link are the electrical to optical (E/O) and optical to
electrical (O/E) converters. The E/O converter takes a radio frequency4 Introduction
(RF) signal as input, and converts it to an optical signal. This func-
tion can be either performed directly by the optical source (by direct
modulation of the laser current), or by using an external electro{optical
modulator in combination with the laser [18,33]. Lasers with direct mod-
ulation capability were extensively investigated and several technologies
for making lasers were proposed. One of the rst GHz bandwidth lasers
were based on Fabry{Perot (FP) emitting at 1300 nm [34,35] and further
advances pushed the bandwidth upto 40 GHz [36]. Other technologies
like Distributed Feedback (DFB) lasers were also developed for operating
in the 1550 nm wavelengths [37], where modulation bandwidths of > 20
GHz were obtained using Multi{Quantum Well techniques [38{40].
Even though directly modulated lasers are a cost{eective solution for
certain applications, they are limited by the modulation bandwidth, noise
gure, dynamic range, and modulation index. As an eort to increase
the bandwidth of optical sources, optical modulators [41] were developed
on several technologies. The most common materials used for exter-
nal modulators are LiNbO3, III{V semiconductor devices, and electro{
optic polymers. Of all the external modulators, LiNbO3 travelling{wave
modulators have the most mature technology, which have an Mach-
Zehnder interferometric structure. One of the earlier modulators were
based on Titanium diused Lithium Niobate Ti{LiNbO3 [42], and in the
early 90s LiNbO3 modulators upto bandwidth of 75 GHz were demon-
strated [43{45]. The problem with earlier LiNbO3 based modulators was
the high driving voltage requirements at higher bandwidths. LiNbO3
modulators today have evolved to a greater extent, where reduction in
the drive voltages (V), advancements in fabrication process, reducing
the modulator chirp, were achieved [46,47], and are commercially avail-
able and installed in several optical communication systems.
The other kind of external modulator is called the electroabsorption mod-
ulator (EAM) which is based on III-V semiconductor devices. EAMs
are especially attractive for MWP applications for their small size, high
bandwidth, polarization insensitivity, low driving voltages, and their po-
tential for possible integration with other optical devices like lasers or
PDs. EAMs are based on electroabsorption eect which can be either
the Franz{Keldysh eect found in bulk semiconductors [48] or the Quan-
tum Conned Stark Eect (QCSE) found in quantum{well materials [49].1.2 Photonics for Gb/s wireless: State of the art 5
For achieving higher modulation index and lower driving voltage QCSE
based devices attained a lot of research and commercial interest. De-
vices with driving voltages as low as 1.2 V [50] and upto 100 GHz of
bandwidth [51] were demonstrated.
The conversion of an optical signal to electrical O/E conversion is cru-
cial to MWP and is performed in a metal{semiconductor{metal, p-i-n,
and avalanche photo-diodes (PD). The most common PDs in MWP ap-
plication are the p-i-n type made with InGaAs and InGaAsP for their
use in 1300 and 1550 nm bands. New kinds of PDs are in development
for achieving higher bandwidth and output powers. The uni-travelling-
carrier photo-diode (UTC-PD) [52] is one such device where bandwidths
of more than 300 GHz and high output powers of around 20 dBm have
been demonstrated [53]. Recently UTC-PD up to 1 THz bandwidth
integrated with antenna has been demonstrated [54] for THz sources ap-
plications.
1.2 Photonics for Gb/s wireless: State of the art
The use of broadband services over wireless medium is on the rise, and
new architectures for supporting the fourth generation mobile standards
like WiMAX, LTE are being investigated [55]. Apart from the new mo-
bile wireless standards, new wireless services for several applications like
wireless HDTV, broadband xed data services, security monitoring, etc.
have opened new frequency bands like 5 GHz, 60 GHz etc . Figure 1.2
shows a schematic of several wireless applications. All the data generated
by these wireless applications need an optical backbone network, which
in-turn is bringing the bre very close to the antenna, giving rise to pico-
cellular architectures [56]. In such scenarios, RoF technology oers a

exible solution, with the central station (CS) base station (BS) cong-
uration. With these the wireless signals are optically transmitted from
the CS, where all the signal generation and processing is centralised, to
the BSs and radiated over air. This greatly reduces the complexity of the
BSs and thus enable more BSs favouring a pico{cellular architectures by
reducing the BSs cost. Another added advantage is that system updates
can be easily made at the CS without changing the RF modules at the6 Introduction
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BSs.
For multi-Gb/s wireless links in the mmW frequency bands, bre net-
works plays a more crucial role in transmitting the wireless signals to
the antenna BS. Since mmW signals have very narrow beam-width, and
high attenuation, more and more BSs are needed to serve a relatively
large geographical area. One option for providing such connectivity is
to have a mmW local oscillator (LO) in each BS where the received
baseband of intermediate frequency (IF) signals are up-converted to the
RF frequency. This solution is attractive for example in a pico-cellular
architecture for indoor wireless signal distribution [57], and at lower fre-
quencies, but for architectures where outdoor BSs are located in remote
areas, the operational cost (OPEX) will increase with complicated BSs.
Another attractive solution is integrating photonics into wireless signal
generation, where the wireless signals are optically generated at the CS,1.2 Photonics for Gb/s wireless: State of the art 7
and transmitted to the remote BSs. In a broadcast architecture like
FTTH, this solution can be especially interesting, where optically gen-
erated wireless signals can be sent to several BSs, which will connect
several users as seen in g. 1.2. RoF systems also oer the 
exibility to
be used for providing dierent services to dierent BSs using WDM [58]
or sub{carrier multiplexed systems (SCM) [59]. This high level of inter-
action between wireless and wire{line technology will play a crucial role
in futuristic 
exible access network architectures.
1.2.1 Intensity modulated/direct detection (IM/DD) based
wireless links
Use of MWP for broadband wireless started during late 90s [60{65]
mainly to overcome the limitations of electrical technology. These early
systems were designed to directly process baseband signal optically and
up{convert to the desired RF frequencies, which otherwise electrically
would require high speed I/Q processing, multi{stage conversion, and
high speed digital to analog converters. The rst method was based on
generating spectral ecient vectorial modulation formats using a tech-
nique named as Microwave Photonic Vector Modulation. In this tech-
nique baseband data is modulated and up{converted directly using pho-
tonic technique resulting in a M{ary quadrature amplitude/phase shift
keyed modulation (M{QAM/PSK) [60,62,64].
During the same time, Hirata et al. proposed a simple amplitude shift
keyed (ASK) modulation format based mmW wireless generation and
demodulation [63]. This technique is based on directly up{converting a
baseband optical ASK signal to the desired carrier frequency. Since ASK
is a bandwidth inecient modulation format, the frequency was chosen to
be around 120 GHz and upto 10 Gb/s wireless link was experimentally
demonstrated [65]. ASK links have gained some interest for 10 Gb/s
wireless links, where Weiss et al., have demonstrated a 12.5 Gb/s ASK
wireless link in the 60 GHz band [66]. The downside of this technique is
the total occupied bandwidth is higher than the 7 GHz allowed in the 60
GHz. Similarly, Ng'Oma et al., have also demonstrated an ASK wireless
link in the 60 GHz band, but by using tight RF single side-band (SSB)
ltering and linear equalization techniques, which enables doubling the8 Introduction
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bit-rate [67].
The photonics based wireless systems have taken a new phase, especially
in the 60 GHz band, with the recent developments in electric technology
like SiGe [68,69],where the optics is used to modulate the RF signals
and transmit over bre. These techniques are based on electrically gen-
erating a very high bit{rate wireless signal either in IF or RF frequency,
and modulating on an optical carrier and transmitting to the antenna
BS. The rst experimental demonstration using such a concept was a 16
Gb/s wireless link in the 24 GHz band [70], where an electrical orthogo-
nal frequency division multiplexed (OFDM) QPSK signal was modulated
using a single side-band conguration (SSB) on an optical carrier. Sim-
ilarly, using a SSB conguration and frequency quadrupling, a 28 Gb/s1.2 Photonics for Gb/s wireless: State of the art 9
wireless link in the 60 GHz band with up to 100 km of bre transmis-
sion was demonstrated by Lin et al [71]. These SSB congurations have
the advantage of robustness to bre dispersion, but involve a complex
method for generation containing one or more MZMs.
Other simpler generation techniques have been demonstrated based on
simple double side-band modulation (DSB) without the need of complex
modulators. Weiss et al [72] have demonstrated a 27 Gb/s wireless link by
simply modulating an IF signal on an optical carrier, and later converting
it to RF. Ng'Oma et al., [73] have also demonstrated a 21 Gb/s wireless
link, which is simply modulating a 60 GHz RF signal on an optical carrier
and transmitting to the antenna site. Figure 1.3 summarizes the most
common techniques used for wireless signal generation/transmission.
1.2.2 Optical heterodyne techniques
Optical heterodyne mixing is a process where two optical carriers are
mixed in a photo-diode to generate mmW carriers and potentially can
generate any frequency theoretically limited by the photo-diode band-
width. The advantage of optical heterodyne compared to IM/DD tech-
niques for RF signal generation is that the optical heterodyne technique
generates higher RF power, since all the optical power contributes to the
RF signal generation. Wireless signal generation based on heterodyne
mixing of two optical sources suer from phase and frequency osets of
the optical carriers, which will severely limit the performance of the RF
signal. Other than the osets of the optical carriers, the linewidth of
the optical signals determine the total phase noise of the RF signal. To
counter these eects, phase control mechanisms such as optical injection
locking (OIL) [74] and optical phase locked loops (OPLL) [75] techniques
are proposed. The OIL technique generates low phase noise signals with
lower locking range, whereas OPLLs have higher locking range but re-
quire lower loop delays. OPLL based wireless signal generation has been
performed using an integrated device contained two OPLLs [76] A combi-
nation of both these techniques called optical injection phase locked loops
(OIPLL) [77] oer both low phase noise signal generation and greater
locking range. Wireless signal generation based on OIPLL has also been
demonstrated [77] using two standard DFB lasers.10 Introduction
1.3 Outline of the thesis
Most of the existing techniques for generation of wireless signals use elec-
trical signal generators for the generation of an intermediate frequency
signal, which is then converted to RF frequencies using several RoF up-
conversion techniques. The main limitations is the limited speed of the
available digital to analogue converters used in the electrical signal gen-
erators. Also the bre's chromatic dispersion induced power fading limits
to a great extent the transmission distance. The change in modulation
format between the optical and wireless signals does not allow seamless
integration of wireless services in an optical network creating a new bottle
neck.
The aim of this thesis is to provide generation and demodulation tech-
niques using pure baseband signals, which would allow easy integration
of wireless and optical communication systems. Using baseband signal
processing and common RoF techniques, advanced modulation formats
like MQAM/MPSK are generated and demodulated, while keeping all the
processing centralised and making the antenna BS as simple as possible.
Also a certain part of the thesis is dedicated towards direct generation
of wireless signals with the same optical modulation format, which will
provide totally transparent wireless/wired services seamless integration.
The introductory chapter was aimed at giving a basic information on
MWP and its several applications. Chapter 2 contains an overview of
several RoF techniques used in generation and demodulation of wireless
signals, and thus understanding the performance of several components in
RoF applications. The work performed in this thesis related to photonic
vector modulation and demodulation is described in chapter 3. In chapter
4 the use of baseband optical modulation and demodulation techniques
for multi-Gb/s wireless links is discussed, where direct up-conversion of
optical baseband data to RF frequencies is presented. Chapter 5 con-
cludes the thesis with an outlook into future.Chapter 2
Introduction to
Radio{Over{Fibre Techniques
In this chapter, the basic techniques of up{conversion and down{conversion
of an ROF link are described, which will form the background for the
forthcoming chapters. The various devices that are crucial in a RoF link
are identied and their parameters that in
uence the performance of a
link are studied in section 2.1. The use of optical modulators in a RoF
downlink which perform the up{conversion to RF frequency is described
in section 2.2. Similarly, the use of modulators in RoF uplinks are de-
scribed in section 2.3.
2.1 Optical Devices
A radio{over{bre link transmits radio signals from the CS to BS and
vice versa using an optical bre. This thesis deals with the optical gen-
eration of multi-Gb/s wireless signals, which is performed at the CS.
The generation of wireless signals consists of two main blocks: the data12 Introduction to Radio{Over{Fibre Techniques
modulation of an optical source and later up{conversion to the desired
RF carrier frequency. In a simple conguration, the optical source like
a semiconductor laser can also be used for data modulation by simply
modulating the current of the laser also named as directly modulated
lasers (DML). For the RF up{conversion an external modulator is used
to modulate the optical signal with a local-oscillator. This is typically
performed using external modulators like MZM or EAM. The optically
generated wireless signals are transmitted over an optical single mode
bre (SMF) 1 to the antenna BS, where the optical signal is converted
to electrical signal in a photo-diode prior to radiating over air. In the
uplink, the wireless signals received at the antenna in a BS are modu-
lated on an optical carrier using an external modulator, and transmitted
to the CS using a SMF to perform the demodulation. In conclusion,
the crucial components that build a RoF link are the optical source, the
external modulators and the photo-diodes. In the following sections, the
parameters of each of these devices that in
uence the performance of an
RoF link are described.
2.1.1 Directly modulated laser
The ability of directly modulating a laser is an attractive cost-eective
solution for RoF links. DMLs were extensively studied for their use
in optical communication systems for metro applications [78,79]. The
limiting factors of a DML are its modulation bandwidth, extinction ratio,
chirp and linearity, but for baseband data modulation these parameters
do not greatly aect the performance in a typical RoF link. The output
power of a DML can be written as:
Pout =
d
2
(Ib +Im −Ith)
h
e
(2.1)
Where d is the laser dierential quantum eciency Ib, Im and Ith are
the bias, modulation and threshold currents. The optical eld of the laser
may be written as:
E(t) =
»
2Poutexpj(!t) (2.2)
1In this work, only standard single mode bre transmission is considered.2.1 Optical Devices 13
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Figure 2.1: Schematic of a typical dual-drive Mach-Zehnder modulator
In directly modulated semiconductor lasers when the carrier density is
changed due to the changes in the modulation current, changes the re-
fractive index in the active area resulting in a frequency deviation also
called as frequency chirp [80]. The eect of chirp in an optical communi-
cation system is spectral broadening due to dispersion in a SMF, which
limits the total transmission distance [81]. The frequency deviation #
and the phase shift  induced by the chirp can be expressed as [82]:
#(t) =
L
4

1
Pout
dPout
dt
+Pout (2.3)
(t) = −
L
2
[ln(Pout)+Pout] (2.4)
Where L is the Henry's linewidth enhancement factor and  the adia-
batic chirp coecient. From eqn. 2.2 and eqn. 2.4, the total optical eld
can be written as:
E(t) = P
1−jL
2
out expj(!t−L) (2.5)
where, L =
L
2 Pout.
2.1.2 Mach-Zehnder Modulator
The most common modulator used in RoF systems is the Mach{Zehnder
modulator, which is based on a Mach{Zehnder interferometric structure.14 Introduction to Radio{Over{Fibre Techniques
In a MZM an electrical voltage induces phase shift between the two arms
of the interferometer and depending upon the quantity of phase shift,
constructive or destructive interference occurs. This interference results
in intensity modulation of the optical signal by the electrical voltage
applied. Figure 2.1 shows the schematic of a MZM. The electrical voltage
induced optical phase shift can be expressed as:
(t) = MZV (t); MZ =

V
(2.6)
where V (t) is the applied voltage, and V is the voltage required to
induce a  phase shift. The parameter V is an intrinsic property of the
modulator which depends on various design parameter and the material
used. Considering an asymmetric MZ modulator with a nite extinction
ratio  , the optical eld at the output of the MZM can be written as:
Eout(t) =
Einexpj(!t)
2
(expj(1(t))+
 expj(2(t)))
=
¾
PinTff
2
»
1+
2 +2
 cos(MZ[V1(t)−V2(t)])
⋅expj (!t+MZ(t)) (2.7)
where 
 the parameter related to the MZM extinction ratio is expressed
as [83] (
√
 − 1)~(
√
 + 1). The transfer function of the MZM according
to eqn. 2.7 is plotted in g. 2.2 for dierent extinction ratios.
MZ(t) in eqn. 2.7 is the instantaneous phase shift varying with the
applied voltage, which is expressed as:
MZ(t) = tan−1
sin(1)+
 sin(2)
cos(1)+
 cos(2
)	 (2.8)
For 
 u 1, i.e extinction ratio > 25 dB, the eqn. 2.7 can be simplied to:
Eout(t) =
¾
PinTff
2
1−
 +2
√

 cos
MZ
2
[V1(t)−V2(t)]
⋅expj (!t+MZ(t)) (2.9)
The chirp parameter (MZ) is dened as the ratio of the phase modu-
lation to amplitude modulation [80]. Applying small signal modulation2.1 Optical Devices 15
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Figure 2.2: The transfer function of a MZM at dierent extinction ratios.
and bias voltage (Vb) to the MZM, and from eqn. 2.6 and 2.9 the chirp
parameter is expressed as:
MZ = Pout
dMZ
dt
dPout
dt
=
 V1 +
2 V2 +
( V1 +  V2)cos
 Vb
 V 

( V1 −  V2)sin
 Vb
 V 
(2.10)
where  V is the peak voltage of the RF signal V (t).
From eqn. 2.10 it may be observed that in ideal push{pull modulation, the
nite extinction ratio creates a residual chirp. The advantage of using a
MZM is that the chirp can be compensated by [84] creating an imbalance
between the two driving voltages. Thus for a zero chirp modulation, the
relation between the driving voltages is:
 V1 = − V2'(Vb)
'(Vb) =

 
 +cos
Vb
V 
1+
 cos
Vb
V 
(2.11)
The relation between the driving voltages depend on the bias point of
the MZM, and for intensity modulation using quadrature bias point, the
relation between the voltages is V1 = −
2V2 [84]. For a 100% extinction16 Introduction to Radio{Over{Fibre Techniques
ratio (
 = 1), the output optical eld of a MZM is:
Eout(t) =
»
2PinTff cos

V

V1(t)−V2(t)
2
	expj !t+

V

V1(t)+V2(t)
2

(2.12)
2.1.3 Electroabsorption modulator
Electroabsorption modulators are another kind of optical external mod-
ulators which perform intensity modulation by changing the absorption
in the material depending on the electrical eld applied. As discussed in
previous chapter, EAMs are advantageous in several application because
of their polarization insensitivity, and low driving voltages, and their po-
tential possibility of integration with other optical devices like lasers and
PDs. On the other hand EAMs suer from huge insertion losses and bias
voltage drifts. EAMs have received a lot of interest for its use in both
baseband digital communications [85,86] and RoF systems [87,88]. The
combination of EAMs huge bandwidth and low driving voltages makes
them interesting for analogue applications.
The absorption transfer function of an EAM can be modelled as [89]
T(V ) =
Pout
Pin
= exp(−kL(V −V0)c) (2.13)
Where k, V0 and c are the EAMs physical parameters which are chosen
as k = 3×103, c = 1:5 and V0 = 0:35V . L is the length of the EAM section
which is assumed to be 160 m. Figure 2.3 shows the transfer function of
an EAM according to the eqn. 2.13 and from the measured data. Similar
to a MZM, EAM also has frequency chirping according to [80] and is
expressed as:
d
dt
=
E
2Pout
⋅
dPout
dt
(2.14)
Thus, the output eld of an EAM can be written as:
Eout =
»
2PinLEAMT(V )
1+jE
2 expj(!t+
E
2
lnPin) (2.15)
Where E is the chirp parameter of the EAM which depends on the bias
voltage. LEAM is the EAM insertion losses.2.1 Optical Devices 17
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Figure 2.3: The theoretical and measured absorption transfer function of an
EAM.
2.1.4 Optical Fibre
In current telecommunication networks optical bre is the main medium
of communication. In RoF links, both single mode and multi{mode -
bres are used depending on the application, but in this thesis only SMF
transmission is considered. The main advantage of optical bre is its
low loss, but there are several limiting factors in optical bre transmis-
sion like chromatic dispersion, polarization mode dispersion, and bre
non-linearities. Chromatic dispersion is one of the crucial parameters
for RoF system design. In an optical bre due to its intrinsic material
properties, some spectral components of the signal travel slower with re-
spect to the other, and the time delay between the spectral components
results in broadening of the spectrum for a broadband signal, or phase
shift between spectral components in a multi{tone signal. The frequency
response of an optical bre can be expressed as:
Hfib(!) = SHfib(z)Sexpj((!)z) (2.16)
Where SHfib(z)S = Lfib is the loss of the bre depending on the distance
z = L.  is the propagation constant evaluated dened as [90]:
(!) ≈ 0 +1(!)+
1
2
2L(!)2 +⋯ (2.17)18 Introduction to Radio{Over{Fibre Techniques
Where 0 results in a constant phase shift, and 1 in constant delay which
depends on the frequency dierence ! = ! − !0. The second derivative
of the propagation constant also known as the group velocity parameter
which contributes to chromatic dispersion is expressed as:
2 = −D
2
0
2c
(2.18)
Where D is the dispersion parameter measured in ps/nm-km. The time
delay (T) introduced between the spectral ( = −0)components is:
T = DL (2.19)
2.1.5 Noise Sources
In a IM/DD RoF link, the total noise generated by various components in
the system limit the performance of the system and determine the total
signal to noise ratio (SNR). In a RoF link without optical amplication,
the main sources of noise are the laser, photo-diode and the electrical
amplier used prior to the antenna. In lasers the relative intensity noise
(RIN) is mainly caused by 
uctuations in the internal cavity and the RIN
coecient is measured in dB/Hz. The RIN increases with the optical
power, and in systems with high optical powers, the total SNR is RIN
limited. The noise variance from the laser RIN is dened as:
2
RIN = R2P2
inRINf (2.20)
Where R is the photo-diode responsivity, Pin the average optical power
input to the photo-diode and f the bandwidth of the signal. When the
optical power is too low, the system is limited by the photo-diode shot
noise, whose variance is dened as:
2
shot = 2q(RPin +idark)f (2.21)
Where q is the charge of electron and idark the photo-diode dark current.
Another important source of noise is the thermal noise of the electrical
ampliers in a RoF link. The variance of the thermal noise is expressed
as:
2
thermal =
4kTf
RL
F (2.22)2.2 RF Up{conversion Techniques 19
Where k is the Boltzmann's constant, T is the temperature in Kelvin,
and RL is the load resistance. The eect of all these noise contributions
on a typical RoF link will be analysed in the following section.
2.2 RF Up{conversion Techniques
RF up{conversion is the process of converting an optical baseband or IF
signal to the RF frequency. This is the most crucial process for wire-
less signal generation in a RoF link, where an optical baseband signal is
optically mixed with a high frequency LO signal in an external modula-
tor. Figure 2.4 shows the schematic of a RoF link with wireless signal
generation using DML for data modulation and external modulator for
RF up{conversion. In this system the baseband data directly modu-
lates the current of the laser and subsequently the optical output of the
laser. Later a LO signal at frequency fLO is modulated using an exter-
nal modulator, which results in up{conversion of the baseband signal to
the LO frequency. Both MZM and EAM can be used to perform RF
up{conversion, which is described in the following sections.
2.2.1 Up{conversion using Mach{Zehnder modulator
Mach{Zehnder modulator as described in the previous sections is used
for RF up{conversion, and the non-linear transfer function of the MZM
enables generation of higher order harmonics by creating multiples of
Figure 2.4: Schematic of a RoF up{converting link.20 Introduction to Radio{Over{Fibre Techniques
the LO frequency [91,92]. However, the non-linear transfer function also
induces harmonic distortion which is discussed in the following sections.
The electrical signals applied to the arms of the MZM can be described
as:
V1(t) = '
Vm
2
sin(!LOt)+Vb
V2(t) = −
Vm
2
sin(!LOt) (2.23)
Considering a RoF link as shown in g. 2.4, and applying the above
electrical signals (eqn. 2.23) to an optical signal as described in eqn. 2.5
using a MZM (according to eqn. 2.9), the output of the MZM is:
Eout = Pin(t)
1−jL
2
¾
Tff
2
(1−
)expj (!t−L(t))
+Pin(t)
1−jL
2
»
2
Tff cos
MZ
2

Vm('+1)
2
sin(!LOt)+Vb	
⋅expj(!t−L(t)+MZ(t)) (2.24)
The above equation contains two terms, where the rst term is an un-
modulated optical signal due to the nite extinction ratio of the MZM,
whereas the second term contains the LO signal modulation on it. Ex-
panding the second term using Bessel's function [93], the output of the
MZM with an LO signal modulation can be written as:
Eout = Pin(t)
1−jL
2
¾
Tff
2
(1−
)expj (!t−L(t))
+Pin(t)
1−jL
2
»
2
Tff
∞
Q
n=−∞
Jn(mLO)cos
Vb
2V
−
n
2
⋅
expj ((! +n!LO)t)expj(−L(t)+MZ(t)) (2.25)
Where mLO is the modulation index, which is expressed as:
mLO =
Vm(1+')
2V
(2.26)
For up{converting the optical signal to the RF frequency fLO using a LO
signal of frequency fLO, the modulator should be biased at the quadrature2.2 RF Up{conversion Techniques 21
point (QB) Vb = V~2, which results in a double side-band RF modula-
tion (DSB). The directly modulated laser is modulated with a bi{polar
(Im(t) = −B;B) signal of non{return{to{zero (NRZ) to drive the laser
to two power levels above threshold POFF and PON, which satisfy the
following conditions:
PON −POFF = 2B
P =
PON +POFF
2
(2.27)
Where P is the laser average power. In such a case, the output of the
MZM is:
Eout;QB = [P +I(t)]
1−jL
2
»

Tff(
√
2(1−
)
√


+J0(mLO))expj(!t)
+{J1(mLO)expj((! ±!LO)t)+J2(mLO)expj((! ±2!LO)t)
⋯}expj(MZ(t))expj(−L(t)) (2.28)
Similarly, for up{conversion by frequency doubling using a LO signal at
half the frequency (!LO~2), the MZM should be biased at minimum
transmission point (MiTB) (Vb = V). When the MZM is biased in
the minimum transmission point, a double side-band suppressed carrier
(DSB{SC) modulation is generated by the second harmonics of the LO
signal at frequency !LO~2. The output of the MZM for MiTB is:
Eout;MiTB = [P +I(t)]
1−jL
2
»
2
Tff
(1−
)
2
√


expj(!t)
+{J1(mLO)expj((! ±
!LO
2
)t)+J3(mLO)expj((! ±3
!LO
2
)t)
⋯}expj(MZ(t))expj(−L(t)) (2.29)
From eqn. 2.28 it can be noticed that the optical eld has the main carrier
components dominated by the factor J0(mLO) and the rst order side-
bands separated by the LO frequency !LO and so on. Similarly for the
MiTB case, the even order components disappear resulting in frequency
doubling as observed from eqn. 2.29.
The RF photo-current (at QB) of the signal expressed in eqn. 2.28 after22 Introduction to Radio{Over{Fibre Techniques
passing through an SMF of length L can be written as:
iRF;QB(t) =
»
2
[P +I(t)]RTffLfib(1−
 +
»
2
J0(mLO))J1(mLO)
⋅cos(!LOt)cos
2L
2
(!LO)2 +MZ (2.30)
The RF photo-current of a DSB{SC optical signal is expressed as:
iRF;MiTB(t) = 2[P +I(t)]R
TffLfibJ2
1(mLO)cos!LOt+2L(
!2
LO
4
)
(2.31)
From the eqn. 2.31 it can be observed that frequency doubling is achieved
when the MZM is biased in the minimum transmission point to generate
DSB{SC RF modulation. The bre's dispersion induced RF power fad-
ing is seen in the eqn. 2.30, which aects the DSB modulation. But the
dispersion power fading can be mitigated to a certain extent by tuning
the chirp of the MZM [94]. On the other hand for MiTB with DSB{SC
modulation, no RF power fading occurs, but a time delay introduced
between the baseband components on the side-bands due to dispersion
aect the quality of the data and is directly proportional to the product of
the RF carrier frequency and length. For example, if the laser were to be
driven with intermediate frequency signals instead of baseband, the power
penalty induced due to dispersion for DSB{SC modulation is described
in ref. [95]. The RF signal for both the QB and MiTB have two com-
ponents: an unmodulated LO component and the data component. The
unmodulated LO component is due to the intensity modulation nature of
the signal generation. The unmodulated LO component is undesirable in
practical situations because it saturates the power ampliers used after
the photo-diode which will limit the total wireless transmission distance.
The ratio between the powers of the LO and data components is:
PLO
Pdata
=
P2
2B2 = 
Ib −Ith
B

2
(2.32)
The unwanted LO peak depends on the data modulation index, and the
g. 2.5 shows the dependence of the ratio between LO and data powers
on the modulation current (B). For calculating the ratio of powers,
the following conditions are assumed: Ith = 5mA, B = 50mA. For a
lower LO to data RF power ratio, the data modulation index should be
higher, which is achieved by modulating the laser as close to threshold2.2 RF Up{conversion Techniques 23
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Figure 2.5: The unwanted LO peak power ratio plotted against the laser data
modulation current for various bias currents.
level as possible. The minimum ratio between the LO peak and the data
is 3 dB, when 100% data modulation index in implemented (Ib ≈ Im).
From g. 2.5 it can be observed that for higher bias current for a given
modulation current (lower modulation index), the ratio of LO to data
power increases.
To analyse the noise generated by the up-conversion process, the DC
current generated at the output of the photo-diode must be calculated.
The DC photo-current iDC for both QB and MiTB case are:
iDC;QB =
PRTffLfib
4
(1−
 +
»
2
J0(mLO)
2
+4
J2
1(mLO)
iDC;MiTB =
PRTffLfib
4
(1−
)2 +8
J2
1(mLO) (2.33)
It can be observed that the DC current is directly related to the laser's
bias current. The signal to noise ratio of the up-converted signal is:
SNRQB =

√
2
BRTffLfib(1−
+
√
2
J0(mLO))J1(mLO)
2 cos2
2L
2 (!LO)2+MZRL
i2
DC;QBRINf+2q(iDC;QB+idark)f+
4kTf
RL
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SNRMiTB =
2BR
TffLfibJ2
1(mLO)
2RL
i2
DC;MiTBRINf+2q(iDC;MiTB+idark)f+
4kTf
RL
F (2.34)
From the eqn. 2.34, the SNR is calculated by varying the LO modu-
lation and data power and plotted in g. 2.6. From g. 2.6(a) it can
0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
3 6
4 0
4 4
4 8
5 2
5 6
6 0
 
 
S
N
R
 
[
d
B
]
V
L O / V
p
  M i T B
  Q B
(a)
- 1 0 0 1 0 2 0 3 0 4 0 5 0 6 0
2 5
3 0
3 5
4 0
4 5
5 0
5 5
6 0
 
 
S
N
R
 
[
d
B
]
D a t a   C u r r e n t   [ m A ]
  M i T B
  Q B
(b)
Figure 2.6: The SNR of the up-converted signals plotted against the modula-
tion index (a), and the laser modulation data current (b).
be concluded that for QB condition, the ratio between the LO voltage
and the modulator V should be around 0.5. From g. 2.6(b) it can
be noticed that higher baseband data extinction ratio increase the SNR
of the up-converted signal, as long as data modulation does not induce
non-linearities. One main observation that can be made that for MiTB
condition, in optimum modulation index, the SNR of the signal gener-
ated is around 5 dB lower than QB even though the DC photo current
generated from the QB is higher than the MiTB case. MiTB has the
advantage of frequency doubling but has poor SNR compared to the QB
condition.
2.2.2 Up{conversion Using Electroabsorption Modulator
RF up{conversion using EAMs have attracted a lot of interest recently
due to the various advantages of EAMs like low driving voltage and
higher bandwidth. Since EAMs are based on electroabsorption, only2.2 RF Up{conversion Techniques 25
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Figure 2.7: The SNR of the up{converted signals plotted against the EAM
reverse bias voltage at dierent modulation indices(a), and the modulation index
(b).
intensity modulation of the optical power can be performed hence only
DSB modulation may be generated. Assuming a baseband optical signal
from a DML to be up-converted to the RF frequency using a LO signal
V (t) = Vb + Vmsin(!LOt) in an EAM, the output according to eqn. 2.15
can be expressed as:
Eout =
»
2LEAM[P +I(t)]T(V (t))expj(!t−L) (2.35)
Where  =
1−j(L−E)
2 and  =
1+jE
2 . The EAM transfer function
T(V (t)) can be expressed as Taylor's series around the EAM bias voltage
Vb according to:
T(V (t)) =
1
n!
∞
Q
n=0

dnT(V )
dV n 
V =Vb
(V (t)−Vb)n (2.36)
Expanding T(V (t)) = exp(−KL(V − V0)c) using Taylor's series, the
output of the EAM can be written as:
Eout =
»
2LEAM[P +I(t)]T(Vb)1−KLc(Vb −V0)c−1Vmsin!LOt
⋅expj(!t−L) (2.37)
The RF and DC photo-current of the above optical signal with a small26 Introduction to Radio{Over{Fibre Techniques
signal modulation (Vm << Vb) is:
iRF = 2LEAMKLc(Vb −V0)c−1T(Vb)[P +I(t)]Vmsin(!LOt)
idc = 2LEAMPT(Vb) (2.38)
From eqn. 2.38 it can be noticed that the EAM chirp does not aect
the rst order signal as observed in [96]. Similar to the MZM based up-
conversion, SNR of the up{converted signal using EAM is also calculated
against the bias voltage and modulation index mLO = Vm
Vb , as shown in
g. 2.7.
From the results depicted in g. 2.7, it may be observed that for opti-
mum performance the EAM bias voltage should be around 2 to 3 volts
which depends on the EAM device parameters. Also by increasing the
modulation index, the SNR increase, but in practical applications higher
modulation index might damage the device or creates signicant har-
monic distortions, which will be discussed in the next section.
2.3 Radio Over Fibre Uplinks
In the previous chapter, up{conversion techniques for broadband wireless
links were described, where the wireless signals can be generated centrally
in a CS and transmitted to a simple antenna BS in a RoF downlink. In
a remote antenna BS, the uplink wireless signals received at the receiver
antenna should be transmitted to the CS to complete the link. One way
to do this is to demodulate the wireless signals at the BS and transmit the
baseband data to the CS. This method would require a RF demodulator
at the base station which will complicate the BS conguration. RoF links
can be used for uplink transmission by simply modulating the wireless
signals on an optical carrier at the BS and transmit to the CS.
Several demonstrations of RoF uplinks have been performed mainly aim-
ing at simplifying the BSs. Some of these links involve reuse of optical
carriers of downlink sent from the CS [97], or use of novel devices like
Electroabsorption transceivers, which act as PD for downlink and EAM2.3 Radio Over Fibre Uplinks 27
for uplink [98]. One of the main limitations of the RoF uplinks is the -
bre's chromatic dispersion induced RF power fading, and to mitigate that
several techniques were proposed involving conversion of the RF signals
to a lower IF frequency signals [99,100]. Another limitation of RoF up-
links is the distortion generated by the modulators, optical bre, PDs.
Since the RF signal is broadband in nature, intermodulation distortion
can greatly in
uence the link performance.
2.3.1 Photonic Downconversion
Photonic down-conversion is the process of converting a wireless signal
into an optical signal mainly using external modulators and subsequent
demodulation as shown in g. 2.8. Assuming a wireless signal of the form
VRFI(t)sin(!RFt+RF(t)) which contains an amplitude modulation I(t)
and a phase modulation RF(t). Modulating this wireless signal on an
optical carrier in an innite extinction ratio MZM, and transmitting over
SMF, the optical signal at the CS may be expressed as:
Eout =
»
2PTffJ0(mRF expj(!0t+0))
+J1(mRF expj(!0t+0 ±!RF(t)±RF(t))) (2.39)
The above expression contains the unmodulated optical carrier at !0
and the two side-bands at !0 ± !RF which contain the amplitude and
phase modulation of the original wireless signal. The chromatic disper-
sion induced phase shift as seen on the side-bands, which when mixed
in a photo-detector will induce the RF power fading. This RF power
fading is the limiting factor in RoF uplinks and many techniques have
been proposed to mitigate this eect.
2.3.2 Harmonic Distortion
The non-linearity of the components in a RoF link distort the signals
in most of the applications especially for multi-carrier signal transmis-
sion. The non-linear transfer function of these devices create harmonics28 Introduction to Radio{Over{Fibre Techniques
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Figure 2.8: Schematics of dierent RoF uplinks. (a) For transmission of base-
band data from BS to CS, (b) for transmission directly the RF signals and (c)for
transmitting RF signals to the CS and converting to IF signals.2.3 Radio Over Fibre Uplinks 29
of the fundamental component and intermodulation products of the fun-
damental components will hamper the quality of the signal. The power
of the harmonics increase with the RF power faster than the fundamen-
tal frequency and when the harmonics are above noise level, distortion
limits the signal quality. The non-linear characterization of the devices
is performed using two-tone analysis where two carriers separated by less
than an octave are used and the intermodulation products are measured.
The most dominant intermodulation products that determine the sys-
tem performance are the second order (IMD2) and third order intermod-
ulation (IMD3), and the intermodulation products that occur in-band
(2f1 −f2;2f2 −f1) are the ones that are to be avoided.
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Figure 2.9: Intermodulation distortion products generated in a MZM at
quadrature bias by varying the modulation index (a) and in an EAM by varying
the bias voltage (b). Legend: (| fundamental, - - - second order, - ⋅ - third
order, ⋯ noise.)
The intermodulation distortion is measured using two parameters, the
intercept points (IP2, IP3) and the spurious free dynamic range (SFDR).
The intercept point is measured by extrapolating the fundamental and
the harmonic components, and the intersection of the extrapolated lines
is the intercept point. SFDR is the ratio between the fundamental com-
ponent and the distortion product at the noise level. SFDR of a link
determines the dynamic range of a link without inducing intermodula-
tion distortion. The devices used in a RoF such as the E/O modulator,
the bre and the PD all add to the distortion of the link. The non
linearity of the optical modulator is the main source of harmonic distor-30 Introduction to Radio{Over{Fibre Techniques
tion, which directly depends on the power of the modulating RF signal.
The intermodulation distortion from a modulator mainly depends on the
modulation index and the bias point, and the results of intermodulation
products generated from dierent from both MZM, and EAM are shown
in g. 2.9.
From g. 2.9(a) it may be observed that when the MZM is biased at
the quadrature point, the dominant harmonic component is the second
harmonic which is evident from the eqn. 2.28. In normal QB operation of
a MZM, the second order (even order) harmonics are minimized, while at
MiTB operation the third order harmonics are minimized. In an EAM,
the bias voltage in
uences the harmonic products, where a bias point can
be chosen either to suppress the second or third order component.
2.3.3 Envelope Detector [Paper A]
Demodulation of wireless signals typically involve heterodyne techniques,
where the received signals are mixed with a phase locked LO signal to
demodulate the wireless signals. Recently wireless links with simple ASK
modulation format in the 120 GHz band has gained a lot of interest [65],
and to demodulate these ASK wireless signals envelope detectors are
used, where only the envelope or the amplitude modulation is detected.
When electrical envelope detectors are used, a later electrical to opti-
cal conversion is required to transmit the ASK data to the CS. Optical
envelope detectors on the other hand can simplify the BS conguration
by integrating the envelope detection and electrical to optical conver-
sion. Another added advantage of optical envelope detectors is that the
detected signals are optical baseband signals which can be fed directly
into an optical network without the need for RoF compatibility. Several
techniques for envelope detection have been proposed which include the
use of baseband photo-detectors, or using gain saturation in a DFB laser
in combination with an EAM.
In this work (paper A), a novel optical envelope detection technique is
presented as seen in g. 2.8. Optical envelope detection involves three
principal steps: one, the conversion of wireless ASK signals to optics.
This is performed using a typical MZM in combination with an optical2.4 Conclusions 31
source. The second step is the half wave rectication, since all the RF
signals are full wave. The half wave rectication is performed by biasing
the MZM in the MiTB as shown in g. 2.10. The third step is the
envelope detection of the half wave rectied optical signal which is simply
done by using a typical optical bandpass lter by ltering the side-band,
whose output is an optical ASK signal. This whole process is performed
only with a MZM and an optical bandpass lter which is a very simple
conguration for a BS. To measure the quality of the envelope detected
signals, the BER was measured using an optical pre{amplied receiver.
The results indicate a very good performance where receiver sensitivity
at BER of 10−9 was measured as -27 dBm.
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Figure 2.10: Illustration of the optical envelope detection technique, and the
experimental set-up for the envelope detector.
2.4 Conclusions
In this chapter the basic building blocks of a RoF link were addressed. It
is seen that RoF techniques have the potential for generating, transmit-
ting and detecting wireless signals. Direct modulation of laser current
oer a good solution for baseband data modulation in RoF links. Some32 Introduction to Radio{Over{Fibre Techniques
of the limitations of the DFB modulation are the low extinction ratio
(around 8-10 dB), and the chirp. The extinction ratio of the data mod-
ulation directly in
uences the SNR of the up{converted RF signal.
Optical modulators oer a good choice for up{conversion of baseband sig-
nal with high quality, and optical modulators like MZM can be used to
generate higher order harmonics where up-conversion to higher frequen-
cies can be achieved using lower frequency LO signals. Up{conversion
using a MZM can be performed using two bias conditions, QB and MiTB,
where MiTB oers the possibility of frequency doubling but suers from
low SNR (around 5 dB) compared to QB. Electroabsorption modula-
tors are another candidate for up{conversion which require low driving
voltages compared to a MZM, but have typically higher insertion losses.
The intensity modulation and direct detection nature of RoF up{conversion
techniques generates a residual DC photo-current which limits the per-
formance of the signal. The DC photo-current makes the laser RIN as
the dominant noise source, and hence optical sources with lower RIN co-
ecients should be incorporated. Another disadvantage of IM/DD RoF
links is the unwanted peak power at the LO frequency, which will satu-
rate the RF ampliers incorporated in the antenna sites. This unwanted
LO peak depends on the data modulation and in near perfect 100% mod-
ulation index the LO peak is 3 dB higher than data, and a 10% reduction
in the modulation index will increase the LO peak power by around 3
dB. Thus near 100% data modulation is crucial in reducing the unwanted
LO peak power.
The use of external modulators in an RoF uplink was studied in this
chapter. It is observed that when a RF signal is modulated on an optical
carrier in a DSB modulation, the phase and amplitude of the RF signal
is present on the side-bands. This property of the RoF modulation has
helped mitigate the bre's chromatic dispersion induced RF power fading
in a typical RoF link. Other than the RF power fading, another limitation
of RoF uplinks is the harmonic distortion induced by the various devices,
which will mainly aect a broadband wireless signal. As an example of an
RoF uplink, a dispersion tolerant optical envelope detector architecture
has been proposed in this thesis. The main advantage of this technique
is the simplicity where only a MZM and an optical bandpass lter are2.4 Conclusions 33
required. The receiver sensitivity measured from the proposed technique
is around -27 dBm which indicates a very sensitive detection technique.34 Introduction to Radio{Over{Fibre TechniquesChapter 3
Photonic Vector Modulation
and Demodulation Techniques
In chapter 2, various RoF techniques for wireless signal generation, trans-
mission and demodulation were presented. To meet the current band-
width requirements, spectral ecient modulation formats are needed, and
for integration of wireless links in optical networks, photonic techniques
for generation can provide various advantages. This chapter presents
novel photonic vector modulation (PVM) and demodulation (PvDM)
concepts for generation, transmission and demodulation of spectral ef-
cient mmW wireless signals. The PVM concept is based on direct
generation of vectorial M{QAM/PSK signals using photonic techniques,
whereas PVdM techniques involves the direct conversion of wireless RF
signals to baseband demodulated data. First the working principle and
dierent architectures for implementing the vector modulation technique
is described in section 3.1. The performance analysis of a photonic vec-
tor modulator is numerically evaluated and also discussed in section 3.1.
A 10 Gb/s wireless link using PVM in the 60 GHz band is present in
section 3.2. The use of photonic vector modulation for generation of
16{QAM modulated wireless signals and the various architectures imple-
mented are discussed in section 3.3. The distribution of PVM generated36 Photonic Vector Modulation and Demodulation Techniques
wireless signals over a recongurable optical network, emulating a RoF
link co{existing with other services, is described in section 3.4. The pho-
tonic vector demodulation architectures and its performance analysis is
described in section 3.5 followed by conclusions in section 3.6.
3.1 Photonic vector modulation: Working prin-
ciple
In the previous chapter, several up-conversion techniques for up-converting
baseband data to the desired RF frequency for generation and optical
transmission to a remote BS were addressed. The up-conversion tech-
niques include the most common DSB and DSB{SC techniques which
generate RF signals at the electrical LO frequency or at a second har-
monic at twice the modulating frequency. The photonic vector modu-
lation is based on the same concept of baseband data modulation and
later RF up{conversion. For generating spectral ecient QAM modula-
tion formats, two independent optical baseband signals are up{converted
to the RF frequency and using an optical RF phase shifting mechanism,
a quadrature phase shift of 90○ is introduced between the two optical
components. The photo-detected output of the combined optical signals
is an electrical QAM signal at the RF frequency.
f1
f1+fRF
f1-fRF
f2-fRF
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f2+fRF
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RF Modulation Optical delay 1/4fRF
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Figure 3.1: Graphical illustration of the concept behind photonic vector mod-
ulation.3.1 Photonic vector modulation: Working principle 37
Photonic vector modulation is performed in three steps. First two in-
dependent baseband data streams I and Q (in-phase and quadrature)
modulate two optical carriers 1 either using directly modulated lasers
(DML) or external modulators. DMLs as described in previous chapter,
oer a cost{eective solution, whereas external modulators oer better
performance, and the choice of modulator depends on the system design.
In the second step, the two optical baseband signals are up{converted to
the RF frequency using an external modulator either by one of the up{
conversion techniques (DSB, DSB{SC). The third step in PVM is the
quadrature condition for QAM modulation, which is a 90○ phase shift
between the I and Q components. This RF phase shift is achieved by
introducing an optical delay equivalent to 1~4fLO which corresponds to
a 90○ electrical phase shift between the two RF carriers at the frequency
fLO. This optical delay can be introduced either by dispersion or simply
using an optical delay line to delay one of the optical carriers. If the
optical carriers are at dierent frequencies, dispersion induces a delay
between the spectral components, and tailoring the dispersion according
to the optical carriers and the RF frequency, the quadrature condition
can be achieved. Optical bres (SMF) oer the right solution for pro-
viding the dispersion, and by either choosing the length or the frequency
separation between the optical carriers, the right optical delay can be
achieved. The optical carriers with both data and LO modulation with
the optical delay included are photo-detected either using single photo-
diode or balanced photo-receiver, whose output is an electrical signal at
the RF frequency with QAM modulation. Figure 3.1 shows the concept
of a photonic vector modulator.
3.1.1 System Architectures [Paper B]
Photonic vector modulation can be performed in dierent ways, for e.g
either using external data modulators, or DMLs, and either using optical
delay lines or dispersion to obtain the RF quadrature phase shift con-
dition. The two principal architectures are shown in g. 3.2, and small
modications like choice of external modulators or photo-diodes can be
made to optimize the system performance. In architecture 1 (g. 3.2(a))
1The two optical carriers can be at the same frequency or dierent depending on
the system architecture.38 Photonic Vector Modulation and Demodulation Techniques
two directly modulated lasers emitting at wavelengths 1 and 2 are di-
rectly modulated by two independent data streams I and Q. The two
optical carriers are combined and an electrical LO signal at the frequency
fLO is used to modulate the optical carriers in an external modulator.
Using a SMF, of length L, an optical delay of DL is introduced due
to the SMF's chromatic dispersion. By choosing L or  the quadrature
condition is achieved. The output of the SMF is photo-detected and the
resulting signal is a M{QAM signal at the frequency fRF.
I(t)
Q(t)
fLO
(a)
(b)
Figure 3.2: The two architectures of a photonic vector modulator. (a) Using
an optical bre based RF phase shifter, and (b) using an optical delay line as a
RF phase shifter.
In the second architecture, as shown in g. 3.2(b), the two optical base-
band data are independently up{converted to the RF frequency using two
external modulators. Later by using an optical delay line the quadrature
component (Q) is optically delayed by T = 1~4fLO. The two optical sig-3.1 Photonic vector modulation: Working principle 39
nals are combined and transmitted to the BS using an SMF. The SMF's
chromatic dispersion introduces an additional delay between the I and
Q components, but by retuning the delay in the optical delay line, the
chromatic dispersion induced phase mismatch can be mitigated. The new
delay should be T′ = DL − 1~4fLO. The photo-detected output is
again a QAM signal.
For the architecture 1, the combined output of the I and Q optical signal
(generated by a zero chirp DML) is:
Eout(t) =
»
[P +I(t)]expj(!1t)+
»
[P +Q(t)]expj(!2t) (3.1)
Using an electrical LO signal of frequency fLO to modulate the optical
carriers in a chirp free MZM, the output of the MZM (considering only
the fundamental rst order components) in a small signal modulation
case is:
Eout(t) =
»
Tff
»
[P +I(t)]expj(!1t)
+
»
[P +Q(t)]expj(!2t)[J0(mLO)
+J1(mLO)expj(±!LOt)] (3.2)
The RF component of the photo-current is expressed as:
iRF(t) = 2RLtotJ0(mLO)J1(mLO)cos
2L
2
!2
LO
[P +I(t)]cos(!LOt)
+[P +Q(t−)]cos(!LOt+2L(!2 −!1)!LO) (3.3)
Where Ltot is the total losses of the link, including the MZM insertion
losses.
From the eqn. 3.3 it may be noticed that there is a power fading of the RF
signal due to the component (cos
2L
2 !2
LO) which depends on the length
of the bre. Depending on the length of the bre and the RF carrier
frequency, the RF power fading can be mitigated by choosing the bre
length to maximize the RF power, and then tune the frequency separation
between the optical carriers (!2 − !1) for the quadrature condition. For40 Photonic Vector Modulation and Demodulation Techniques
maximizing the RF power, the following condition must be satised:
2L
2
!2
LO = n;∀n = 1;2⋯
L =
n
2!2
LO
(3.4)
For a quadrature condition in a QAM modulation, the following condition
must be satised in eqn. 3.3:
2L!!LO =
(2m−1)
2
;∀m = 1;2⋯ (3.5)
From eqn. 3.4 and eqn. 3.5, the relation between the the frequency sep-
aration and RF carrier frequency can be expressed as:
(!2 −!1) =
2m−1
2
!LO (3.6)
To avoid the frequency interleaving of the side-bands on the optical
carriers, the minimum separation between the optical signal should be
(!2 − !1) > !LO. The output of the PD, when the quadrature condition
is satised is:
iRF(t) = 2RLtotJ0(mLO)J1(mLO)cos
2L
2
!2
LO
[P +I(t)]cos(!LOt)+[P +Q(t−t′)]sin(!LOt)(3.7)
Similarly, when an optical delay is used as shown in g. 3.2(b), the photo-
current at the output is expressed as:
iRF(t) = 2RLtotJ0(mLO)J1(mLO)cos
2L
2
!2
LO[P +I(t)]cos(!LOt)
+[P +Q(t−t′)]cos(!LO(t−)+2L(!2 −!1)!LO) (3.8)
For obtaining 90○ phase shift in the case when an optical delay line is
used, the following condition must be satised:
2L(!2 −!1)!LO −!LO =
(2m−1)
2
(3.9)
The use of the optical delay line relaxes the requirements on the optical
carriers' frequency separation which can be mitigated by the delay .3.1 Photonic vector modulation: Working principle 41
From the above equation (eqn. 3.9), the expression in eqn. 3.8 becomes
similar to eqn. 3.7.
There is a delay oset t′ between the I and Q data streams which is
relatively small compared to the bit period of the data stream, as long as
the carrier frequency is high. This delay can be corrected by introduc-
ing a delay in the electrical data stream prior to modulation. Both the
PVM architectures can be implemented using the DSB{SC up{conversion
technique to generate the RF wireless signals without changing the phase
shifter conguration. The advantage of using DSB{SC technique is the
absence of optical carrier, which in a WDM scenario will reduce the total
power input into the bre. Experimental demonstration of wireless signal
generation and subsequent demodulation using both the PVM architec-
tures were performed and reported in Papers B and C. Figure 3.3 shows
the RF spectra and the demodulated eye diagrams of a QPSK wireless
signal in the 40 GHz band, showing the potential of the PVM technique.
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Figure 3.3: Experimental results (from architecture 1) of a 1.25 Gb/s QPSK
wireless signal in the 40 GHz band. On the left the RF spectrum and on the
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3.1.2 LO Peak Suppression [Paper D]
From g. 3.3 (RF spectrum) and eqn. 3.7 it may be observed that the
generated QAM RF wireless signals have a very high unmodulated peak
at the LO frequency, which will saturate the power ampliers in the
wireless transmission system limiting the output power and the total
wireless transmission distance. In the chapter 2 it was observed that this
unmodulated LO peak is due to the data modulation index and depends
on the modulating current and the laser bias point. The component in
the RF current (eqn. 3.7) that contributed to this unmodulated peak is
P(cos(!LOt) + sin(!LOt)). To suppress this component, another laser
with only LO modulation may be added to the PVM system which will
counteract the high LO peak. Figure 3.4 shows the schematic of the
modied PVM architecture. The photo-current at the output of the
modied architecture is:
iRF(t) = 2RLtotJ0(mLO)J1(mLO)cos
2L
2
!2
LO[P +I(t)]cos(!LOt)
+[P +Q(t−)]cos(!LOt+2L(!2 −!1)!LO)
+P3cos(!LOt+2L(!3 −!1)!LO)) (3.10)
Where P3 is the power, and !3 the frequency of the third laser. Thus,
from the eqn. 3.7 and eqn. 3.10 the condition for LO peak suppression is:
P3 =
√
2P
(!3 −!1) = 2:5(!2 −!1) (3.11)
Following this condition, the LO peak is completely suppressed, where the
spectrum of the pure QAM signal can be seen in g. 3.4. The addition of
the new laser increases the optical power, and the total noise generated,
which will be evaluated in the following section.
3.1.3 Performance Evaluation [Paper C]
In the previous sections architectures for QAM wireless signal generation
using PVM techniques are presented, and also a modied architecture
to mitigate the LO peak is described. The performance of the PVM ar-
chitectures depend on several system parameters, and must be identied3.1 Photonic vector modulation: Working principle 43
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Figure 3.4: The modied architecture for suppression of high unmodulated
LO peak (left), and the RF spectrum of the pure QAM signal (right).
and the performance evaluated to form some basic design guidelines. In
paper C the performance of both the PVM and LO suppressed PVM ar-
chitectures are evaluated both numerically and experimentally and this
section summarizes the results obtained.
The main limitation of any communication system is the noise, and it
is crucial to identify the noise sources and the parameters that in
uence
it. In chapter 2, the in
uence of noise on an up{converting RoF link was
analysed and in principle is the same for a PVM architecture since the
up{conversion technique involved is the same. The main noise contribu-
tion in a RoF link (IM/DD) are the laser RIN, the shot noise and the
thermal noise. The total noise power directly depends on the DC photo-
current, which depends on the optical power and the LO modulation
index. The signal to noise ratio (SNR) depends on the data modulation
index and the LO modulation index. In analysing the performance of the
PVM architectures 100% data modulation index is assumed. The main
parameters that contribute to the overall SNR of the signal are the total
optical losses, the LO modulation index, and the data power. Figure 3.5
summarizes the results of numerical calculation of the SNR in
uenced by
the aforementioned parameters.
From the g. 3.5 the main conclusion one can draw is that the laser RIN
determines to a great extent the total SNR of the signal. This is due to the
IM/DD nature of the up{conversion techniques incorporated. To reduce44 Photonic Vector Modulation and Demodulation Techniques
the in
uence of the laser's intensity noise, lasers with RIN parameters of
around -140 to -155 dB/Hz should be used. The SNR is very low in a RIN
dominant situation, and from g. 3.5(a) it can be seen that a dierence
in SNR of around 20 dB is observed when the RIN parameter is changed
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Figure 3.5: Results of the numerical performance analysis of a QAM signal
generated by PVM architectures. Plots contain the variation of SNR on the total
optical losses (a), the LO modulation index (b), the baseband data bandwidth
(c), and the data laser power (d) for dierent RIN values.(legend: RIN ◻ −110
dB/Hz, ⊙ −135 dB/Hz, △ −145 dB/Hz, ▽ −155 dB/Hz. The lled symbols
represent the conventional QAM signal, whereas the empty symbols represent
the LO suppressed QAM signal.)3.1 Photonic vector modulation: Working principle 45
from −110 to −145 dB/Hz. In a system dominant by other noise sources
like thermal or shot, the SNR directly varies with the total optical power
as observed in g. 3.5(a). Similar to the conclusions drawn in chapter 2,
the optimum modulation index for RF up-conversion is around .
Another conclusion that may be drawn is that the LO suppressed archi-
tecture where the third unmodulated laser is incorporated reduces the
SNR especially in a RIN dominant condition. This is evident by the
fact that the addition of third laser increases the RIN contribution to
the noise. On the other hand, in a shot noise limited system, the ad-
dition of the third laser has very less SNR degradation. The eect of
data modulation index (laser power) is depicted in g. 3.5(d), where the
increased extinction ratio increases the SNR but only when at lower RIN
parameters. For example in the case where the RIN parameter is −110
dB/Hz, no increment in SNR is observed when increasing the data mod-
ulation extinction ratio. In conclusion, due to the IM/DD nature of the
up-conversion lasers with lower RIN parameters are crucial for achieving
high performance.
The performance of the PVM architectures is also experimentally anal-
ysed, since some parameters like laser harmonic distortion were not con-
sidered in the numerical analysis. Both the PVM architectures with
two up{conversion techniques have been investigated: using QB for DSB
based up{conversion and MiTB for second harmonic generation using
DSB{SC modulation. To analyse the quality of the PVM generated
QPSK wireless signals, Q-factors of the demodulated I and Q data were
varied with the laser's data modulation current while maintaining the
data modulation near 100%. Also the LO power to the MZM was varied
and the g. 3.6 plots both the results. From the results obtained it may
be observed that the increase in the laser modulation current (thus laser
power) the signal quality improves, but at very high modulation currents,
the laser starts distorting which is evident by the Q-factor penalty after
certain laser power. Also it may be observed that the QB has a bet-
ter performance compared to the MiTB which is in agreement with the
conclusions drawn in chapter 2.46 Photonic Vector Modulation and Demodulation Techniques
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Figure 3.6: Measured Q factors of a the PVM architectures with both QB and
MiTB bias conditions against the laser data power (a) and the LO power (b).
(Legend: ∎ QB, ◻ MiTB, ● LO suppressed at QB, ⊙ LO suppressed at MiTB.)
3.2 60 GHz Wireless Links
In the previous sections the performance of a PVM based QAM wireless
signal generator was evaluated and it is seen that high SNR QAM signals
can be generated using the PVM technique. In this section an experi-
mental demonstration of a 10 Gb/s wireless link with QPSK modulation
in the 60 GHz frequency band using PVM is described. The frequency
band of 60 GHz is of special interest in wireless communications because
of its free licensing. Another factor that is interesting in the 60 GHz
band is its huge undivided bandwidth of 7 GHz. The main applications
for 60 GHz that are currently under consideration are indoor communica-
tions, but short to medium range high capacity wireless links is another
emerging application. One of the main motivation of outdoor 60 GHz
wireless links is for extending the reach of bre in a cost-eective man-
ner. RoF links for 60 GHz applications are being investigated for various
mobile/broadband services including high capacity wireless links which
is well supported by recent advances in photonic devices like EAMs and
PDs in the 60 GHz band. One of the major drawbacks of 60 GHz is
its high oxygen (O2) attenuation, which greatly limit the transmission
distance in outdoor wireless links. To quantify the maximum possible
wireless distance, the link availability requirements, and link attenuation3.2 60 GHz Wireless Links 47
for a specic geographical location must be calculated.
3.2.1 Link Availability and Link Budget Calculations
Most of the mmW wireless links suer from rain attenuation, and before
designing a link, the amount of rainfall in a certain geographic location
must be estimated. The link availability is the probability that the link
will provide undisrupted communication. For most of the applications
99.999% also referred as \ve nines" is required. When a geographical
location receives high rainfall poor link availability is obtained. Link
attenuation is the total loss in the wireless path due to all the various
loss mechanism. The free space loss at 60 GHz can be expressed as:
FS(dB) = 20log(d)+20log(f)−147:56 (3.12)
Where d is the wireless link distance measured in meters, and f the
carrier frequency measured in Hertz.
Assuming a link distance of 1 km, the free space path loss FS is cal-
culated to be around 128 dB. The oxygen attenuation at 60 GHz is
around 15 dB/km. In geographical locations with moderate rainfall (100
mm/hr), for 99.999% link availability [101], the rain induced attenuation
is around 30 dB/km. The total path loss at 60 GHz for 1 km wireless
link is around 170 dB. At 60 GHz due to its narrow beam width, high
gain antennas with gain upto 57 dBi can be designed which can enable
wireless links up to more than 1 km of distance.
3.2.2 Photonic Vector Modulated 10 Gb/s 60 GHz QPSK
Wireless Link
For integrated wireless/wired connectivity, development of wireless links
with 10 Gb/s capacity is crucial. Currently, electrical technology is not
mature enough for providing 10 Gb/s wireless links, especially in the
mmW frequency bands. 60 GHz band with its 7 GHz of bandwidth is a
right candidate for providing such high capacity wireless links, if spectral48 Photonic Vector Modulation and Demodulation Techniques
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Figure 3.7: Schematic of a 10 Gb/s photonic vector modulated QPSK wireless
link in the 60 GHz frequency band.
ecient QAM modulation formats are used. Photonics has the advan-
tage of not only providing the required bandwidth, but also allow easy
integration of such wireless signals in an optical network. Photonic vector
modulated wireless links as seen in the previous section have the capacity
to generate high bit-rate QAM wireless signals, and in the European FP6
project IST{IPHOBAC2 demonstration of a 10 Gb/s wireless link was
one of the main goals.
Figure 3.7 shows the experimental set-up for of a wireless link consisting
of a PVM architecture for generation of a 10 Gb/s QPSK wireless link in
the 60 GHz band. Two DFB directly modulated lasers separated 500 GHz
apart are directly modulated by two independent non{return{to{zero
(NRZ) 5 Gb/s (electrical bandwidth of 3.75 GHz) data streams. Using a
60 GHz bandwidth re
ective EAM, a 60 GHz LO signal was modulated
on the two optical carriers. Using a SMF of length 62 m, the quadrature
phase shift condition was obtained. For generating the wireless signals,
a 75 GHz PD was used after the 62 m of SMF. The output of the PD
is 60 GHz 10 Gb/s wireless signal with a total occupied bandwidth of
7.5 GHz. For wireless transmission, the output of the PD was amplied
using a 10 GHz bandwidth low noise amplier with a gain of 17 dB,
and radiated using a 20 dBi gain horn antennas. After 2 m of wireless
transmission (94 dB of free space loss), the wireless 10 Gb/s signal was
2www.ist-iphobac.org3.2 60 GHz Wireless Links 49
received using another 20 dBi gain horn antenna and amplied using a
high power amplier with a gain of 26 dB. The amplied signals at the
receiver were demodulated using an electrical 60 GHz mixer multiplied
with a copy of the LO signal.
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Figure 3.8: Bit error ratio plots of a 10 Gb/s 60 GHz wireless signals.
To analyse the quality of the signal, rst the bit error ratio (BER) of the
demodulated signals was measured in a back{to{back scenario, without
any wireless transmission. For the back{to{back case, the transmitter
and receiver amplier were directly cascaded without the antennas. The
BER was measured by varying the optical power input to the PD. To
estimate the penalty induced by the PVM with the quadrature modula-
tion, the 10 Gb/s QPSK signals were compared to a 5 Gb/s ASK signals.
The reference ASK signals were generated by simply switching o one of
the lasers. Similarly, after the wireless transmission the BER of both 10
Gb/s QPSK and 5 Gb/s ASK signals were measured as shown in g. 3.8.
A 3 dB power penalty(for BER of 10−6) between the 10 Gb/s QPSK and
5 Gb/s ASK signals is recorded. This power penalty is because of two
reasons, one the total RF power of a QPSK signal is lower compared to
an ASK signal for the same optical input power to the PD, and second50 Photonic Vector Modulation and Demodulation Techniques
the QAM demodulation requires an accurate phase locking mechanism,
and in the demodulation process, the phase locking was achieved manu-
ally using a phase shifter. After the wireless transmission with additional
94 dB of loss in the link, a 5 dB power penalty was observed compared to
the back{to{back case. By adding additional amplier stages and using
high gain antennas, the transmission distance of the wireless signals can
be drastically increased.
To transmit 10 Gb/s in the 7 GHz available bandwidth at 60 GHz, some
pulse carving techniques can be used to reduce the electrical bandwidth of
the 5 Gb/s data signals. Also pre{equalization techniques can be imple-
mented in combination with pulse shaping to reduce the total bandwidth
of the signal. In real scenarios the uplink requires lower bandwidth com-
pared to downlink, and for implementation of a bi{directional wireless
link, another frequency bands like 40 GHz can be used for the uplink.
Another solution for providing bi{directional links in the 60 GHz band
is the use of higher order M-ary QAM modulation formats like 16{QAM
for the downlink.
3.3 M-ary Quadrature Amplitude Modulation
To increase the bit rate of communication links without increasing the oc-
cupied bandwidth, higher order spectral ecient modulation formats can
be implemented. In the previous section, PVM architectures for genera-
tion of 4{QAM/QPSK were described, which has a spectral eciency of
around 1.33 b/s/Hz 3. For generating QPSK modulated wireless signals
using PVM architectures, the in-phase and quadrature optical signals
were modulated by binary data for generating 2{level I and Q optical
signals and for M{QAM signals, multi-level optical I and Q should be
generated. As shown in g. 3.9 there are two ways of generating the mul-
tilevel baseband optical signals, either by creating a multilevel electrical
signal and then modulating on an optical carrier, or directly generating
an optical multilevel signal by using n lasers with binary modulation.
The important parameter that determines the quality of a multilevel
3The spectral eciency is calculated for NRZ pulses which require electrical band-
width of around 75% of the bit-rate.3.3 M-ary Quadrature Amplitude Modulation 51
MZM
I(t)
Q(t)
SSMF
PD
fLO
I1(t)
I2(t)
In(t)
Q1(t)
Q2(t)
Qn(t)
n
Q
Q
Q n
MZM
SSMF
fLO
I1(t)
I2(t)
In(t)
Q1(t)
Q2(t)
Qn(t)
Figure 3.9: Schematics for generation of M-ary QAM wireless signals using
photonic vector modulator.
signal is the data modulation extinction ratio. When an electrical mul-
tilevel signal is used to modulate a DML, the extinction ratio reduces as
the number of levels increases. While when using multiple optical sig-
nals, the extinction ratio will be higher. External modulators instead of
DMLs can help to mitigate the eect of extinction ratio since external
modulators typically have an extinction ratio of around 20 dB compared
to the 8-10 dB extinction ratio of DMLs.
3.3.1 16{QAM Wireless Signal Generation [Paper E, F,
G]
In the previous section, a wireless link of 10 Gb/s within a bandwidth of
7.5 GHz using QPSK modulation was described. To increase the bit-rate52 Photonic Vector Modulation and Demodulation Techniques
Figure 3.10: Illustration of QPSK and 16{QAM signalling for photonic vector
modulated wireless signal generation.
or to reduce the electrical bandwidth higher level (M > 4) modulation
formats should be used. 16 level modulation formats oer twice the spec-
tral eciency compared to the 4 level QPSK modulation format. Using
PVM architectures 16 level QAM modulation formats can be easily im-
plemented. In the PVM architecture for QPSK signal generation, the
I and Q data signals were binary in nature (2 levels) and by changing
the I and Q signalling from binary to 4 level amplitude, 16{QAM mod-
ulation can be generated, as shown in g. 3.10. 16{QAM modulation
format has twice the spectral eciency with only 3 dB higher SNR re-
quirements compared to QPSK modulation format. In papers E, F, and
G, dierent architectures for generation of 16{QAM modulated mmW
wireless signals are presented. In papers E the 16{QAM signal genera-
tion is based on the techniques showed in g. 3.9a, where a multi-level
electrical signal is modulated on the I and Q lasers, where both LO sup-
pressed and unsuppressed architectures were implemented. Papers F and
G present 16{QAM signal generation using independent optical binary
signals according to the architecture shown in g. 3.9b.
In paper G, a 10 Gb/s 16{QAM wireless signal generation using PVM is
presented. Figure 3.11 shows the overview of the experimental set-up and
the results obtained (Paper G). In this system, rst the LO is modulated3.4 Distribution of Wireless Signals in a Radio{Over{Fibre Access
Network 53
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Figure 3.11: Overview of the experimental set-up and results obtained of a 10
Gb/s 16{QAM signal generation using photonic vector modulator.
on an optical carrier using an optical coupler, the LO modulated optical
signal is divided into two arms. One of the arm is optically delayed
using an optical delay line, to satisfy the quadrature condition for QAM
modulation. Using external MZ modulators, the electrical four level I and
Q signals (4{ASK) are modulated on the two arms and photo-detected in
a balanced photo-detector, whose output is the 10 Gb/s 16{QAM wireless
signals. The advantage of this technique is that only one optical source
is used which reduces the noise in the system, and the use of balanced
PD cancels the common optical DC power, which reduces the residual
LO peak. From the RF spectrum as shown in g. 3.11 the 10 Gb/s 16{
QAM wireless signals occupy a bandwidth of around 4 GHz, resulting in
a spectral eciency of around 2.66 b/s/Hz.
3.4 Distribution of Wireless Signals in a Radio{
Over{Fibre Access Network
The increase in the capacity demand is pushing the use of high mmW fre-
quencies, which requires more BSs to cover a wider geographical area. As54 Photonic Vector Modulation and Demodulation Techniques
discussed, the cost{eective solution is to have a centralised processing
and signal distribution to the BSs. Depending on the services, the mmW
signals can be either distributed in a broadcast scenario [102], or each BS
can be sent a dierent service. WDM technology oers a good solution,
where each BS can be linked to a specic wavelength [103,104]. Several
techniques were considered for a WDM ROF network, like using opti-
cal interleaved DWDM sources with dierent channel spacing [105{107],
super-continuum sources [108,109], etc. For multiplexing and demulti-
plexing, components like bre Bragg's gratings (FBG) [103] and arrayed
waveguide gratings (AWGs) [106] are used. Also several WDM network
congurations have been demonstrated, where multi service transmission
and simultaneous wireless and baseband signal transmission was incor-
porated [110{112].
WDM based RoF networks are being investigated for distribution of wire-
less services. Most of the trac in wireless networks changes dynamically
mainly due to the mobility of the users. The WDM conguration is a key
physical layer technology that enables wireless signal distribution, but to
take the full advantage of the optical network the dynamic changes of
wireless services trac should be incorporated into the physical layer.
Dynamic bandwidth allocation is one way to solve the trac changes,
but dynamic channel allocation would take the full advantage of the
optical domain. Dynamic channel allocation can be implemented in a
WDM network using a wavelength switching/routing mechanism, where
channels are dynamically allocated to requesting BSs [113]. Wavelength
allocation using wavelength routers use a large number of components
increasing the cost, whereas a compact alternative based on a fold-back
arrayed waveguide grating (AWG) incorporating a single optical switch
(OS) has been recently proposed for the down and uplink access with a
signicantly reduced number of components [114].
3.4.1 Dynamic Recongurable Optical WDM Network
In paper H a dynamically recongurable optical WDM network based on
an AWG and OS, similar to the conguration in [114] is presented. The
transmission of PVM generated wireless signals over such a network is
performed to demonstrate the ability of a PVM systems to co-exist with3.4 Distribution of Wireless Signals in a Radio{Over{Fibre Access
Network 55
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Figure 3.12: Schematic of a dynamically recongurable optical WDM network
for RoF access.
optical access networks based on WDM. Figure 3.12 shows the schematic
of the recongurable optical network. At the CS multiple services are
generated and are allocated wavelengths to be transmitted to the remote
node (RN). At the RN, the channels received from the CS are routed
directly to the BSs which have assigned channels. These pre-dened
services to the BSs are named as \own channels" which guarantee service
to the BSs. The remaining \extra channels" are fed back into the optical
switch and the AWG, which depending on the requirement from the BSs
are routed to the demanding BS as extra channels in a cyclic manner.
Hence each BS has a own channel and several extra channels depending
on the channel allocation. To characterize the behaviour of photonic
vector modulated signals, a 1.25 Gb/s QPSK signal was generated using
a PVM architecture (g. 3.2(b)) at a carrier frequency of 10 GHz. The
PVM signals were generated using a total optical bandwidth of 0.42 nm
(centred at 1548.8 nm) to comply with the 50 GHz DWDM spacing of the
AWG. The PVM generated QPSK signals from the CS were transmitted
to the RN using a 10 km SMF. At the remote node, the QPSK wireless
signals were routed to two BS: BS1 and BS2, as both own and extra
channels. To analyse the quality of the PVM signals at the BSs, Q-factors
were measured by varying the PD input power and plotted in g. 3.13.
Also as a comparison ASK signals were generated simply by switching o
one of the laser in PVM architecture. It can be seen that at both the BSs
the QPSK signals have the same performance, but when routed as extra
channels, power penalty is induced. This is because when the signals are
routed as extra channels, they are passed through the optical switch and56 Photonic Vector Modulation and Demodulation Techniques
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Figure 3.13: The variation of Q-factor of the PVM generated QPSK signals
and reference ASK signals with respect to the PD input power at BS1 (a) and
BS2 (b) for own and extra channels assignments.
AWG again which induces extra 5 dB of optical losses and passing the
same optical signals twice through an AWG results in narrow ltering of
the signals. The results shows error free performance in both own and
extra channel routing.
3.4.2 Multi service Co-existence [Paper H]
To the above mentioned network architecture more services were added.
The PVM generated QPSK signals were assigned as own channel to BS1,
and a UMTS signal was modulated on a 1549.6 nm optical carrier and
assigned to BS2 as own channel. A third extra channel was generated
at the CS which is a 155 Mb/s baseband data on a 1551.2 nm optical
carrier and routed as extra channel to either BS1 or BS2. Very little
power penalty is induced on the QPSK signals in the presence of the
extra channel in BS1 or BS2. Similarly the quality of the UMTS sig-
nal was measured at BS2 and the error vector magnitude was measured
and the results indicate the compliance of the quality with the 3GPP
standard of EVM less than 1.2% .The co-existence of PVM with UMTS
and 155 Mb/s does not in
uence the quality of the latter signals in any
way which demonstrate the robustness of the recongurable optical net-
work. The degradation in the QPSK signals is mainly due to the vector3.5 Photonic Vector Demodulation: Working Principle 57
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Figure 3.14: Illustration of working principle of a photonic vector demodulator.
modulation and demodulation processes and the bre's chromatic dis-
persion induced power fading. The remote node, including the optical
switch and the co-existence of other services in the WDM network add
very little degradation. It has been demonstrated that a dynamically re-
congurable optical network is compatible with various RoF and digital
signals in a co-existence scenario, reducing the base station complexity,
and increasing the eciency network's capacity usage.
3.5 Photonic Vector Demodulation: Working Prin-
ciple
In the previous section, photonic techniques for generation of spectral
ecient vector modulated wireless signals is presented for RoF down-
links. The wireless signals transmitted over air are received at another
BS, which are transmitted over a RoF uplink to a CS to be demodulated.
When the wireless uplink signals are photo-detected at the BS, the bre's
chromatic dispersion induces RF power fading limits the transmission and
performance of the signals as seen in chapter 2. To mitigate this eect,
several techniques have been proposed, and in this section a direct de-
modulation of RF wireless signals using photonic techniques is presented,58 Photonic Vector Modulation and Demodulation Techniques
which is tolerant to bre's chromatic dispersion. The proposed technique
directly converts a wireless QAM signal into its respective in-phase and
quadrature optical baseband components without the need of an electri-
cal demodulator. Figure 3.14 shows the concept behind a photonic vector
demodulator.
In a RoF uplink, the wireless signals received at the antenna BS are
modulated on an optical carrier using a DSB modulation in an external
modulator, and are transmitted to the CS over a SMF. At the CS, to
perform demodulation of the vectorial wireless signals, the optical DSB
signal is modulated with a local oscillator which is tuned exactly to the
received RF signal frequency. The optical carrier of the DSB signal gen-
erates the fundamental harmonics by the LO tone, which superimpose
on the side-bands created by the wireless signals. By tuning the phase
on the LO signal, the in-phase and quadrature components can be ob-
tained in the optical domain on one of the side-bands as seen in g. 3.14.
The SMF dispersion induced phase shift is seen on the side-band, which
only converts to RF power fading, when both the optical carrier and the
side-bands are photo-detected. But in this demodulation technique, one
of the side-bands is ltered, and photo-detected using a low frequency
(baud-rate) PD, no RF power fading is present.
The expression of the ltered side-band (see Appendix A) can be ex-
pressed as:
EUSB
out (t) =
√
PTff expj(!0t+!RF +0)
J0(mRF)J1(mLO)expj(LO)
+J0(mLOJ1(mRF)expj(RF +	+
2L!2
RF
2
))(3.13)
To demodulate the in-phase component, the phase of the LO and the RF
signal should be matched according to:
LO = RF +
2L!2
RF
2
(3.14)
Thus the photo-current of the in-phase component is:
iI
PD(t) ≈ J0(mLO)J1(mLO)J0(mRF)J1(mRF)I(t) (3.15)3.5 Photonic Vector Demodulation: Working Principle 59
To demodulate the quadrature component, the phase relation between
LO and RF signal is:
LO = RF +
2L!2
RF
2
+

2
(3.16)
Thus, the quadrature photo-current is:
i
Q
PD(t) ≈ J0(mLO)J1(mLO)J0(mRF)J1(mRF)Q(t) (3.17)
3.5.1 Performance Optimization
From the photo-currents of the demodulated signals, it can be deducted
that the main parameters that determine the performance of the demod-
ulator are the RF and LO modulation indices. The performance of a
MZM was theoretically analysed in chapter 2 and g. 2.6(a) shows that
the optimum modulation index for maximum performance is around ~2.
To analyse the performance of the demodulation technique a 60 GHz 10
Gb/s QPSK wireless signal with 4{QAM/QPSK modulation was simu-
lated using a commercial optical simulator. The modulation indices of
both the RF modulator and LO modulator were varied and plotted in
g. 3.15. Later, after attaining the optimum values for the modulation in-
dices, the values were fed into the system and to analyse the performance
of the demodulator, BER was measured using an optical pre{amplied
receiver. The BER was rst calculated using a back{to{back scenario
and later using a 20 km of SMF between the two modulators, and plot-
ted as shown in g. 3.15. From the plots shown in g. 3.15 it can be
seen that the modulation indices of both the modulators must be well
chosen by maximizing the quality of the signal. From the BER plots it
is seen that the receiver sensitivity of the demodulator indicates a good
performance and that after transmitting the 60 GHz 10 Gb/s wireless
signals over 20 km of SMF very little power penalty is induced. The
BER results prove that the demodulating PvDM RoF uplink technique
is immune to the bre's chromatic dispersion induced RF power fading,
unlike the conventional RoF uplinks.60 Photonic Vector Modulation and Demodulation Techniques
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Figure 3.15: Simulated results of a 60 GHz 10 Gb/s QPSK wireless photonic
vector demodulating uplink. The variation of Q-factor with the RF modulation
index (a) and the calculated BER in back{to{back and after 20 km of SMF (b).
3.5.2 Architectures for PvDM [Paper I]
Photonic vector demodulation can be easily integrated in existing RoF
uplinks. Figure 3.16 shows a typical RoF link with a bi-directional trans-
mission for both downstream and demodulating upstream. The optical
carrier for carrying the upstream data is sent from the CS to the BS. At
the BS, the optical carrier assigned for carrying the upstream signals is
passed through an optical modulator where the received wireless signals
are modulated. The RF modulated optical carrier is fed into the optical
bre again where at the CS the upstream signals are demodulated using
the PVdM technique. Using this conguration the BS are kept simple
without the need of optical sources or RF demodulators.
Photonic vector demodulation can be performed in dierent ways, de-
pending on the system design. Figure g. 3.17 shows the dierent archi-
tectures for performing PVdM. In the rst architecture, only one optical
carrier is used where after modulating the RF signals, the optical signal
is split into two parts and demodulated independently for in-phase and
quadrature. Instead of using one optical carriers two separate optical
carriers at dierent wavelengths (1;2) can be used to independently
demodulate the in-phase and quadrature on 1 and 2 respectively. The
advantages of using two optical carriers instead of one are higher opti-3.5 Photonic Vector Demodulation: Working Principle 61
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cal power budget, use of optical phase shifting conguration common to
PVM like optical delay or dispersion based phase shifting.
In paper I, the PvDM architecture shown in g. 3.17(b) is experimen-
tally demonstrated where a 2.5 Gb/s 20 GHz QPSK wireless signal was
successfully demodulated. The quality of the demodulation process was
quantied by measuring the BER of both in-phase and quadrature com-
ponents in an optical pre-amplied receiver similar to the simulations
described earlier. Error free demodulation was performed where a re-
ceiver sensitivity of −27 dBm was measured at a BER of 10−9, indicating
a very good performance.
3.6 Conclusion
Generation of spectral ecient quadrature amplitude modulated wireless
signals using baseband optical modulation in combination with RF up{
conversion techniques was presented in this chapter. The photonic vector
modulation technique is able to generate wireless signals with high quality
and experimental demonstration of 10 Gb/s wireless links was performed
in the 60 GHz band. Using PVM architectures wireless signals with SNR
as high as 40 dB can be generated as long as low RIN coecient lasers
are incorporated. Also the potential of PVM architectures for generation
of higher spectral ecient modulation formats like 16{QAM was stud-
ied and experimentally demonstrated where a 10 Gb/s 16{QAM signal
generation with a spectral eciency of 2.66 b/s/Hz has been successfully
demonstrated.
The crucial parameters that determine the quality of the generated sig-
nal are the data modulation extinction ratio and the RIN coecient of
the lasers. Direct modulation of lasers oer a cost{eective solution for
implementing the PVM architectures but suer from lower extinction ra-
tio. The lower extinction ratio is not a limitation in robust modulation
formats like QPSK, but if higher order modulation formats are to be im-
plemented external modulators oer a better performance. It should be
noted that the increase in the extinction ratio only favours in a low RIN
scenarios, where RIN parameters below −145 dB/Hz are required. The3.6 Conclusion 63
strict requirement of laser RIN coecient is due to the IM/DD nature
of the up{conversion technique used which is a drawback of the PVM
architecture.
PVM generated wireless signals were transmitted in a dynamically recon-
gurable optical network proving the ability of the PVM architectures'
compliance with current network architectures. It was noticed that PVM
generated signals can co-exist in a multi-service distribution scenario in
an optical access network, and can be dynamically routed to demanding
BSs with additional penalty.
The drawbacks of PVM of wireless signal generation is the use of con-
ventional up-conversion techniques using external modulators with DSB
modulation, which is prone to bre's chromatic dispersion induced RF
power fading. The dependency of the RF power fading on the length and
the RF carrier frequency limits the performance at higher frequencies.
The dispersion can be compensated either using dispersion compensat-
ing modules at the CS, or choosing the bre length to maximize the
RF power. Suppressed carrier modulation do not suer from dispersion
induced power fading, but the delay between the spectral components
contribute towards jitter of the wireless signals which will limit the per-
formance.
Similarly, RoF uplink architecture is proposed with direct photonic vector
demodulation capability. The PVdM architecture is immune to bre's
chromatic dispersion induced RF power fading, which is due to the side-
band ltering of the RoF signal. The ability of directly converting a
wireless QAM signal into its respective baseband in-phase and quadrature
components has the added advantage since no RF or IF demodulators are
required, and the optical baseband components can be directly fed into
another optical networks, extending the reach of access networks. One
downside of the demodulation technique is the requirement of electrical
phase locked loop, which are complicated to implement at higher mmW
frequencies.64 Photonic Vector Modulation and Demodulation TechniquesChapter 4
Optical Baseband Modulation
for Millimetre Wave Wireless
4.1 Introduction
In the previous chapter, several radio over bre techniques for generation
and demodulation of Gb/s wireless links were described. All the radio
over bre techniques in the previous chapter were limited by the bre's
chromatic dispersion or require complex mmW electronic circuitry like
phase locked loops and LO signal generator. Photonic vector modulation
technique as seen in previous chapter is based on IM/DD technique for
up{conversion, where the baseband data and the LO signal is intensity
modulation and photo-detected directly. The disadvantage of IM/DD
scheme in PVM architectures is the use of amplitude modulation of in-
phase and quadrature components for the vector signal generation which
has a non-zero average optical power. This residual average optical power
results in a high LO peak of the mmW signal which is a a limiting factor.
Also the up-conversion techniques involved are power inecient, which
limits the total power of the RF signal generated. Instead of amplitude
modulation of the optical signal, if phase modulation is used, there will66 Optical Baseband Modulation for Millimetre Wave Wireless
be no LO peak in the RF signal. But phase modulation optical signals
cannot be up-converted using double side-band modulation since at the
PD only the optical intensity is converted to electrical domain.
Phase modulated mmW signal generation attracted very little interest
and Doi et al, [115] demonstrated a modulator concept based on delay
modulation to generate phase shift keying (PSK) modulation wireless
signals. Another way of generating phase modulated wireless signals is
using single side-band modulation, where two optical carriers are required
to generate the RF signal, but only one of the optical carriers is phase
modulated. When such a SSB signal is photo-detected, the optical phase
modulation is converted into a mmW phase modulated signal. Optical
phase modulated communication links are growing rapidly with mature
technology, and the use of optical baseband phase modulation for wireless
links can have several advantages. The wireless links which will be based
on optical modulation formats can provide a great level of integration
between the optical and wireless networks and help reduce the cost by
sharing the equipment.
In this chapter, the integration of optical baseband modulation and de-
modulation techniques into wireless applications in a RoF scenario is
discussed. In section 4.2, the recent advances in optical baseband mod-
ulation formats are described. In section 4.3, an integrated optical mod-
ulator concept for generation of wireless signals using optical baseband
modulation formats is described. In section 4.4 the use of optical coher-
ent detection in combination with digital signal processing and its use
for demodulation of wireless signals is discussed. In section 4.5, a novel
technique based on heterodyne mixing of two optical carriers for wireless
signal generation is presented followed by conclusions in section 4.6.
4.2 Optical Baseband Modulation Formats
From the beginning of optical communications till recently NRZ{OOK
(non return to zero on{o{keying) has been the modulation format for
most commercial applications. NRZ{OOK is amplitude modulation of
the optical source, which is performed either switching ON or OFF the4.2 Optical Baseband Modulation Formats 67
laser in a direct modulated laser or using external modulators. OOK
modulation format in general has poor non-linearity tolerance because
of the peak optical carrier. In contrary optical phase shift keyed (PSK)
format carries the information in the optical phase, and the optical spec-
trum in g. 4.1 shows no peak. One of the basic advantages of PSK
over OOK format is that PSK formats the symbol distance is
√
2 times
higher than OOK for the same average optical power [116], which trans-
lates to 3 dB lower OSNR (optical signal to noise ratio) requirement
for PSK formats. Phase modulated optical signals cannot be directly
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Figure 4.1: Illustration of working principle of a Mach{Zehnder modulator
for generating phase modulation (a), and the optical spectra of OOK and PSK
signals (b).
detected since the PD only detects the optical power, hence phase to
amplitude demodulation must be performed before photo-detection. De-
modulation of PSK signals can be performed by mixing the incoming
signal with another optical carrier at the receiver, the photo-current will
depend on the phase dierence between the two optical carriers. These
systems using homo-dyne detection are called coherent systems [117] and68 Optical Baseband Modulation for Millimetre Wave Wireless
have attracted a lot of interest in the early 90s for record receiver sensi-
tivities. The early coherent systems required some kind of phase locking
between the incoming optical signal and the optical local oscillator. Most
of the locking techniques use optical phase locked loops [118,119], which
required low linewidth lasers and lower loop delays. Later, demodula-
tion of PSK signal using self homo-dyne technique in combination with
dierential encoding is used [120] where a 1-bit delay Mach{Zehnder in-
terferometer is used to demodulate the dierential encoded PSK signals,
also named as DPSK. DPSK based optical communication systems have
been extensively investigated with record breaking capacities [121,122].
Modulation of the optical phase can be performed using a phase mod-
ulator which will result in a constant amplitude, whereas due to the
instantaneous phase shift between 0 and  residual chirp is introduced
in the bit transitions. The practical (D)PSK links use a MZM biased at
the minimum transmission point. Every bit transition results in passing
through the minimum transmission point, which introduces a  phase
shift as depicted in the g. 4.1.
4.2.1 DPSK Demodulation
In a DPSK receiver as shown in g. 4.2, the dierentially encoded phase
information should be decoded and converted into amplitude before photo-
detection. This is done using a 1-bit delay Mach{Zehnder interferometer
(DMZI) which demodulates the phase dierence between every bit and
its successor, which contains the dierential coding. The DMZI splits
the input signal into two arms, where one arm is phase shifted by  and
the other arm delay by  = T where T is the bit-period. The two optical
signals are combined and split again. The phase dierence  for DPSK
is ideally 0 or  and depending on the phase shift either constructive
or destructive interference occurs. Figure shows the working principle
and the optical spectra at the output of the two ports. It can be seen
that even though the optical spectrum for the constructive and destruc-
tive ports is dierent, they carry the same information but inverted in
one arm. When balanced photo-detection is applied the resulting data
signal has a 3-dB higher receiver sensitivity compared to a single ended
detection [123].4.2 Optical Baseband Modulation Formats 69
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Figure 4.2: Schematic of a 1-bit delay Mach{Zehnder interferometer and its
use for detection of dierential phase shift keyed optical signals.
4.2.2 Optical (D)QPSK
Quadrature phase shift keying is a four level phase modulation where
the information is encoded using one of the four phase levels. Early
QPSK optical communication systems were based on coherent detection,
with both homo-dyne and heterodyne techniques were investigated [124].
The robustness of DPSK transmission links to the bre impairments has
attracted a lot of interest in dierential quadrature phase shift keying,
[125{127], where several demonstrations of long haul systems were made.
DQPSK is the choice of modulation format for 40 Gb/s long haul systems,
and the low baud rate of the DQPSK modulation format has attracted
a lot of research eorts for 100 Gb/s transmission systems [128{130].
Four level phase shift keying occupies half the bandwidth compared to 2{
PSK modulation for the same bit-rate. (D)QPSK constellation evidently70 Optical Baseband Modulation for Millimetre Wave Wireless
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Figure 4.3: Schematic of an optical dual parallel Mach-Zehnder modulator
and the resulting constellation and eye diagram.
have four constellation points and the distance between the symbols is
halved compared to (D)PSK. The reduced distance between the symbols
in constellation would require a 3 dB higher OSNR for (D)QPSK com-
pared to (D)PSK at a given receiver sensitivity. But for the same bit-rate
(D)QPSK has half the optical bandwidth, requiring the same OSNR for
(D)QPSK and (D)PSK. The generation of four level phase modulation
can be performed using various modulator congurations [131{133], but
the most common modulator conguration is the use of dual parallel
Mach{Zehnder modulator (DP-MZM) [131] also referred as I/Q MZM.
Figure 4.3 shows the schematic of the modulator for, and the symbol
allocation of, a (D)QPSK optical signal. Higher spectrally ecient mod-
ulation formats like quadrature amplitude modulation (M{QAM) can be
generated using the I/Q MZM, which are attracting research interest for
100 Gb/s links [134,135].
Using the DP-MZM, two (D)PSK signals are generated by two indepen-
dent data streams (I;Q) in the two MZMs, and one of the arms is phase
shifted using a 
2 phase shifter before both the signals are combined. The
combined optical signal is a four-level phase modulated signal with phase
values of {
4; 3
4 ; 5
4 ; 7
4 }. At the bit transitions when both I and Q are
zero, the total optical power drops to zero, whereas when either one of
them is zero, the optical power drops to half, which is seen from the
three-level eye diagram from g. 4.3.
For dierential quadrature phase shift keying (DQPSK) a pre-coding4.3 Integrated Millimetre Wave Modulator Concept 71
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Figure 4.4: Delay demodulation based receiver for optical DQPSK signals.
should be implemented for a self-homodyne based detection to correctly
decode the phase modulated signals. The dierentially coded signals are
demodulated using a 1-bit delay interferometer (DMZI) with a phase
oset of ±
4. The demodulated photo currents of the DQPSK receiver
with balanced photo-detection (g. 4.4 )can be expressed as:
Ir(tk) = −R
E2
2
[cos(k)−sin(k)] (4.1)
Qr(tk) = −R
E2
2
[cos(k)+sin(k)] (4.2)
Where k = k+1−k is the phase dierence between two adjacent sym-
bols.
Depending on the phase oset of the DZMI the I and Q components can
be detected independently.
4.3 Integrated Millimetre Wave Modulator Con-
cept
The generation of wireless signals based on optical phase modulation can
be performed by implementing a SSB conguration. In this SSB signal
format, two synchronous optical carriers are generated where only one
of the optical carriers is phase modulated. One way of doing this is to
lter one of the optical signals and pass it through an optical modulator,72 Optical Baseband Modulation for Millimetre Wave Wireless
and the combined signal will be SSB in nature as shown in g. 4.5. Sev-
eral experimental demonstrations have been reported on the use of this
technique [136{138] using common optical components like bre Bragg's
gratings and optical modulators like MZM. For phase modulation, the use
of common components require that the two optical signals have phase
and polarization correlation prior to photo-detection. This can be very
dicult to implement since the optical carriers travel dierent paths, and
for multi-level phase modulation the requirements on phase correlation
increases.
Optical mmW 
Generator
WDM-
DMUX Q
90º
I
RF
PD
RF
fRF
Photonic Integrated Circuit
Figure 4.5: Illustration of a millimetre wave I/Q optical modulator.
Photonic integration of the optical modulator with the lters can provide
the required phase and polarization control since the path lengths can be
accurately controlled and the devices can de designed to maintain polar-
ization. Optical devices are mostly made using III-V semiconductors, but
recently silicon based optical devices has attracted a lot of interest for
both digital and analogue applications [139{145]. The main advantage
of silicon photonics technology is the possibility of monolithic integration
of photonics and electronics using cost-eective CMOS technology [141].
Optical modulators, photo-detectors, lters, and other optical compo-
nents using Si have been demonstrated for FTTH networks aimed at
reducing the cost [146]. Silicon based optical modulators are being ex-
tensively investigated [139{142,147,148], and modulator speeds of up to
40 Gb/s [147] have been demonstrated. For the application in discussion,
silicon photonics oer very good solution by integrating the lter and the
optical modulators, and Si based MZM have been demonstrated [139]4.3 Integrated Millimetre Wave Modulator Concept 73
which can be used for generating phase modulation.
4.3.1 Device Parameter Requirements
Though Silicon photonics oer several advantages, the technology is still
in development and the performance of the devices needs to be improved.
The main limitation of the Silicon technology is its poor electro-optic
coecient, which limits the eciency of the electro-optic eect. The Si
based modulators and lters have low extinction ratio which will aect
the over performance of the signal generator.
The optical eld of a dual wavelength coherent light source can be ex-
pressed as:
E0(t) =
»
2Pin[expj(!1t)+expj(!2t)] (4.3)
Where !1, !2 are the frequencies of the optical carriers. The two optical
carriers are demultiplexed into two elds, E1(t) and E2(t) using a nite
extinction ratio () WDM-DMUX.
E1(t) =
»
Pin[expj(!1t+(t))+(1−)expj(!2t)]
E2(t) =
»
Pin[(1−)expj(!1t+(t))+expj(!2t)] (4.4)
Modulating the optical phase of the carrier E1(t) and combining the
modulated optical signal with the unmodulated optical carrier using a
asymmetric coupler (coupling ratio ), the output can be expressed as:
E(t) =
»
P0[expj (!1t)+(1−)expj(!2t)]LMZ ×expjk
+
»
P0[(1−)expj(!1t)+expj(!2t)](1−) (4.5)
Where k is the multilevel phase modulation of the optical carrier.
The two optical carriers are combined asymmetrically to compensate the
losses incurred by the I/Q MZM.
The photo-detected signal consists of two components: one baseband,
and the other the RF component. The base-band component contributes74 Optical Baseband Modulation for Millimetre Wave Wireless
to the DC current, whose value determines the noise of the system. The
data RF photo current and the DC photo-current as expressed as follows:
iDC ≈
1
2
RPinLtot[2 +(1−)2][2 +L2
MZ(1−)2] (4.6)
iRF(t) ≈ RPinLtot
»
LMZ(1−)[2 −(1−2)]cos(!RFt+) (4.7)
Considering the noise generated in the systems, there are two main con-
tributions: intensity noise and the phase noise. The contribution to the
intensity noise is from the laser relative intensity noise (RIN), PD shot
noise, and thermal noise. Due to the laser's linewidth, the phase of the
emitted light signal exhibits a Gaussian random walk. When the two
optical signals travel in dierent paths and have dierent delays, when
combined and heterodyne detected, RF phase noise is generated whose
variance can be expressed as:
2
 = 2 (4.8)
Where  is the laser linewidth and  is the observation time. The per-
formance limitations of the proposed system are evaluated similar to the
previous chapter from the expression of the DC and RF currents, where
by varying the system parameters, the SNR is calculated. The parame-
ters that are identied to be crucial are  the WDM-DMUX extinction
ratio, , the coupling ratio, and LMZ the Mach-Zehnder modulator inser-
tion loss. Figure 4.6(a) plots the variation of SNR by the optical power
and it is seen that the SNR increases with increased optical power. Sim-
ilarly, the WDM-DMUX extinction ratio is varied and the SNR plots in
g. 4.6(b) and when the equally distributed both the optical carriers, a
complete cancellation of RF signal happens, which is evident from the
plot. As mentioned previously asymmetric coupling ratio should be used
for coupling the modulated and un-modulated carriers to compensate for
the losses of the I/Q MZM. Figure 4.6(c) the coupling ratio of the system
() is varied for dierent values of Mach-Zehnder insertion losses (LMZ)
and it is observed from g. 4.6(c) that for optimum performance the
coupling ratio  has to be chosen in such a way to compensate for the
insertion losses of the I/Q MZM. The new value of  can be expressed
as follows:

»
LMZ = 1−;  =
1
1+
√
LMZ
(4.9)4.3 Integrated Millimetre Wave Modulator Concept 75
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Figure 4.6: Signal to noise ratio of the wireless signals generated using the
mmW modulator. The variation of SNR plotted against the optical power (a),
the lter extinction ratio () (b), the coupling ratio ()(c), and the I/Q MZM
losses (d).
Following the eqn. 4.9, the MZ insertion losses were varied, and as the
modulator loss increases, the SNR decreases with the reduction in total
optical power.
4.3.2 Dierential Phase Modulated Wireless Links [Paper
J]
Dierential phase modulated wireless signals can be generated using the
mmW modulator. Since the I/Q MZM can be used to generate (D)QPSK
signals, the generated RF signals can be demodulated using optical tech-
nique involving delay interferometric demodulation. The wireless signals
that are received at a remote BS can be sent to a CS where optical delay
interferometric demodulation can be performed. Figure 4.7 shows the
schematic of the RoF uplink. Similar to the PVdM case, the received
wireless signals modulate an optical carrier in an external modulator and76 Optical Baseband Modulation for Millimetre Wave Wireless
transmitted over a bre to the CS. Since the RF signals have the same
amplitude and phase modulation like an optical DQPSK signal at the
transmitter, the amplitude and phase of the original signal is present on
both the side-bands. Filtering one of the side-bands the optical DQPSK
signal is recovered which is demodulated using DMZI based receiver.
E/O
Modulator
CW
RF
DMZI
receiver
RF
OBPF I/Q
CS
BS
Figure 4.7: Schematic of a radio over bre uplink with interferometric demod-
ulation for dierential phase modulated wireless signals. Inset the demodulated
eye diagram of a 60 GHz 5 Gb/s DPSK wireless signal.
In paper J, a proof of concept experimental demonstration of generation
of 5 Gb/s DPSK signal at 60 GHz carrier is presented. To generate the
wireless signals two optical carriers 60 GHz separated were generated us-
ing an MZM biased at MiTB. The two optical tones are ltered and one
of the carriers is modulated with a 5 Gb/s pseudo random bit sequence to
generate 5 Gb/s NRZ{DPSK optical signal. Using an asymmetric coupler
of ratio 10:90, the optical 5 Gb/s signal and the unmodulated carrier were
combined and photo detected. The output of the photo-detector is a 5
Gb/s 60 GHz DPSK signal. The demodulation of the wireless signals was
performed by modulating the 60 GHz RF carriers on another optical car-
rier, and ltering one of the side-bands. The ltered side-band with the
original DPSK data is fed into a DMZI to demodulate the DPSK signals.
To analyse the quality of the signals, prior to demodulation, the optical
signals are passed through a pre{amplied receiver and demodulated us-
ing a DMZI and photo-detected using a single ended photo-receiver. The
quality is quantied by measuring the BER vs. received optical power as4.4 Optical Digital Coherent Detection 77
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Figure 4.8: Bit error ratio plots of a 5 Gb/s optical DPSK signal compared
with 5 Gb/s 60 GHz DPSK wireless signals.
plotted in g. 4.8. From the results it is demonstrated that the wireless
DPSK signals can be demodulated with a typical DMZI, and the uplink
architecture implemented is immune to bre's chromatic dispersion in-
duced RF power fading. The results compare an optical DPSK signal
in a back{to{back scenario, with an up-converted 60 GHz DPSK signal.
For a BER of 10−6 a power penalty of around 5 dB is observed which is
due to the up-conversion and down-conversion.
4.4 Optical Digital Coherent Detection
The constant demand of data capacity has pushed the optical commu-
nication systems towards higher spectral eciency, by using multi level
modulation formats, reducing the spacing between the WDM channels,
and using polarization multiplexing. The current detection techniques
based on direct detection oer good performance but with lower spec-
tral eciency. Coherent optical detection on the other hand is known
for higher sensitivity compared to direct detection based systems, but
analogue coherent receivers require phase locked loop with low linewidth
lasers [149]. In coherent detection the eld of the optical signal is de-
tected as the in-phase and quadrature components, which allows greater78 Optical Baseband Modulation for Millimetre Wave Wireless
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Figure 4.9: Schematic diagram of an optical coherent receiver.
degree of freedom where the phase and polarization multiplexing can be
implemented at the transmitter. With the recent developments in elec-
trical technology [150], coherent detection has gained new interest where
coherent detection in combination with digital signal processing (DSP)
can be used. The advantages of DSP is that no analogue phase locked
loops are required, and new adaptive algorithms can be used for detec-
tion and for compensating the channel impairments [151{153]. The use of
digital techniques over analogue phase locked loops help reduce the cost
by allowing integration of coherent receivers with electronics [154,155].
Figure 4.9 shows the schematic of an optical coherent receiver. In an
optical coherent receiver, the optical signal is mixed with a local oscil-
lator using an optical 90 degrees hybrid. A phase shift of ~2 is intro-
duced between the upper and lower arms, when balanced photo-detected,
the upper arm contains the in-phase component of the optical eld and
the lower arm the quadrature. The photo-currents of the in-phase and
quadrature components can be expressed as:
iPD;I = 2RPsPLO cos(!st−!LOt+s +LO) (4.10)
iPD;Q = 2RPsPLO sin(!st−!LOt+s +LO) (4.11)
Where Ps, PLO are the signal and LO power. !s, !LO are the optical
wavelengths of the signal and the LO, whereas s and LO are the time
varying phase of the optical signal and the LO including the phase noise.
One direct advantage of the coherent receiver that can be seen from
the eqn. 4.11 is that the balanced detection removes the DC components
generated by photo-detection which brings the system to shot noise limit,4.4 Optical Digital Coherent Detection 79
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Figure 4.10: Block diagram of a digital signal processing demodulator.
which otherwise would be RIN limited. There is a phase and frequency
oset between the signal and the LO, which must be estimated using
digital signal processing for successful demodulation of the data.
4.4.1 Digital Demodulation
To perform the demodulation of the optical signals using coherent re-
ceiver, the photo-detected in-phase and quadrature components are rst
sampled using an analogue to digital converter (ADC). From the sampled
data, the signal is reconstructed in a digital domain, which is expressed
as:
e(n) = iPD;I(n)+jiPD;Q(n) (4.12)
The above equation is normalised and can be expressed as:
e(n) = Ek(n)expj(!t+(n))+p(n) (4.13)
Where Ek is the digital information modulated on the signal. ! = !s −
!LO, is the dierence in the wavelengths between the signal and the
LO. (n) = s − LO is the phase dierence between the signal and LO.
The linewidth of the signal and the LO lasers which have a Lorentzian
shape exhibit a Gaussian random walk. The phase noise of the lasers
is a Weiner process, and the variance of the phase noise is expressed as
2
 = 2(s +LO). Where  is the linewidth of the laser.
Figure 4.10 shows the block diagram of a DSP demodulator. With the
phase and amplitude information of the optical eld available in digi-
tal domain, digital techniques common to radio communications can be
implemented. The rst step of the demodulation process is the clock re-
covery and re-sampling. Re-sampling is performed when the sample rate
is not a multiple of the signal baud-rate. The frequency dierence be-
tween the LO and the signal can be easily estimated by using some known80 Optical Baseband Modulation for Millimetre Wave Wireless
techniques common to radio communications [156], or by estimating the
phase rotation factor in the DSP [157]. A feedback control to control
the frequency of the LO is helpful in reducing the frequency drifts, which
would improve the performance of the following demodulation blocks.
The next step is the implementation of electronic equalisation which
is used to correct the deterministic linear channel impairments. The
equalisation can be performed using nite impulse response (FIR) l-
ters [158,159]. Adaptive ltering can be used when the signal is perfectly
symmetrical, and for the case of QPSK modulation where all the points
are on a circle, least mean squares algorithms such as the common mod-
ulus algorithm (CMA) can be used [160,161]. The lters taps with CMA
are chosen by minimizing the variance between the symbols and the cir-
cle.
The main process of demodulation is the carrier phase estimation. The
carrier phase estimation can also estimate the frequency oset of the
lasers which is one of the crucial parameters in optical coherent detec-
tion. Several algorithms for phase estimate exist [117,157,162,163], and
depending on the algorithm, the linewidth tolerance can be from sev-
eral megahertz to a few gigahertz. It is identied that [157] the power
law phase estimate [164] in combination with Wiener ltering has per-
formance similar to a maximum a-priori estimate for phase modulated
signals. The rest of the chapter uses the power law phase estimation for
demodulation.
In the power law phase estimation, rst the phase modulation is removed
(in blocks) by raising the M{PSK signal to the Mth power, which for the
case of QPSK is 4.
s(n) = expj(4(n)) (4.14)
To estimate the phase, a Wiener lter is used, which can be implemented
either using a zero-lag lter where all the n symbols are looked for esti-
mation, or a block of N symbols is used. Both the lters have the advan-
tage of reducing the Gaussian additive noise by averaging the samples,
whereas a lower block size is desired in phase noise dominant systems,
for better phase tracking. The Wiener ltering can be expressed as:
t(i) =
N
Q
i=0
ais(i) (4.15)4.4 Optical Digital Coherent Detection 81
where ai are the Wiener lter coecients. The phase of the ltered
samples is divided by M (4) such that the phase values fall between −~4
and ~4.
^  =
1
4
arg[t(n)] (4.16)
The estimated phase is now compared with the original signal and then
decision is implemented.
4.4.2 Radio over Fibre Demodulating Downlink [Paper K]
Till now the use of coherent detection for the demodulation of optical
signals was addressed, and the common DSP algorithms used for demod-
ulation of phase modulated optical signals described. Coherent detection
can be advantageous for RoF signal detection because of the higher sensi-
tivity demonstrated by coherent detection. The use of coherent detection
will allow use of digital demodulation and equalisation techniques com-
mon to radio communications using DSP, and all the impairments caused
by the wireless and optical channel can be correct without the need of
mmW components. With the recent advancements in coherent detection
it is evident that in future coherent detectors will form integral part of
network equipment, and using coherent detection for both optical base-
band and RoF signals will reduce the cost. Coherent detection will play
a crucial role for demodulating very high capacity wireless links, since
currently there is no mature technology which can provide the same per-
formance.
Currently the demodulation techniques for RoF links involve the down-
conversion of the RF signal directly to baseband or IF frequency which
would require RF components installed either in the BS or the CS. In
paper K a novel RoF uplink scheme with coherent detection is described,
which is illustrated in g. 4.11. Similar to the photonic vector demodula-
tion as described in the previous section, the received wireless signals at
the BS modulate an optical carrier generated in an external electro-optic
modulator in simple DSB modulation, and fed into the SMF. Consider-
ing a wireless signal according to the expression in eqn. A.1 of Appendix
1, the expression of the optical signal when modulated by the vector82 Optical Baseband Modulation for Millimetre Wave Wireless
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Figure 4.11: Illustration of a radio over bre downlink with coherent detection
based demodulation. TLS- tunable laser source.
modulated wireless can be expressed as:
Eout(t) =
»
P0Tff expj(!0t+0)
⎡ ⎢ ⎢ ⎢ ⎢ ⎣
J0(mRF)+J1(mRF)
A(t)⋅expj(±!RFt+RF +	(t)+
2L!2
RF
2
)
⎤ ⎥ ⎥ ⎥ ⎥ ⎦
(4.17)
Where !0 and 0 are the frequency and phase of the optical carrier.
RF is the phase of the RF wireless signal. The RoF signals with the
RF modulation on both the side-bands is mixed with another optical
LO signal in an optical 90○ hybrid. Homo-dyne coherent detection is
performed on one of the side-bands which contain the RF modulation by
tuning the LO laser to the optical frequency of the side-band (!0+!RF).
The balanced photo-detected in-phase and quadrature components can
be expressed as:
i
I
RF(t) = 2R
»
2P0PsLtotA(t)cos!t+s +	(t)+
2L!2
RF
2
−LO (4.18)
i
Q
RF(t) = 2R
»
2P0PsLtotA(t)sin!t+s +	(t)+
2L!2
RF
2
−LO (4.19)
Where ! = !0+!RF −!LO is the frequency deviation between the side-
band and the LO signal, and s = 0 + RF is the total phase of the
side-band. Using DSP, the phase and frequency oset are estimated and
the in-phase and quadrature components are detected.4.4 Optical Digital Coherent Detection 83
The coherent detection based RoF signal demodulation is immune to
the chromatic dispersion induced RF power fading since the detection is
performed only on one of the side-band. The in-phase and the quadrature
components at the output of the balanced photo-receivers are sampled
using an ADC with a sampling rate at-least twice the baud-rate and
digital demodulated. The added advantage of this proposed technique
is that it is transparent to the RF frequency where the same receiver
can be used for any RF frequency simply by changing the frequency of
the LO laser. In paper K demodulation of a 2.5 Gb/s 40 GHz QPSK
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Figure 4.12: Bit error ratio plots of the demodulated 2.5 Gb/s QPSK signal
at 40 GHz and 35 GHz with 26 km of SMF transmission.
signal was performed using the above mentioned technique. First the
wireless signals were demodulated in a back{to{back scenario where no
bre was placed between the BS and the CS. To measure the quality
of the demodulated signals BER was calculated from the measured data
by varying the OSNR. BER values of below 10−4 were recorded with
OSNR values as low as 8 dB as shown in g. 4.12 , demonstrating the
sensitivity of the demodulation technique. Later, a 26 km of SMF was
placed between the BS and the CS, and from the BER measurements no
additional OSNR penalty was observed, proving the techniques immunity
to chromatic dispersion induced RF power fading. The same experiment
was performed at 35 GHz, and the results show that the RoF uplink
architecture is transparent to the RF frequency.84 Optical Baseband Modulation for Millimetre Wave Wireless
4.5 Optical Heterodyne Generation of Millime-
tre Wireless Signals [Paper L]
In the previous section the use of coherent detection for both baseband
and wireless signal demodulation was discussed. The coherent detection
in combination with DSP enables the use of free running LO lasers for
coherent detection without the need of analogue optical phase locked
loops. The various radio communication techniques for digital demod-
ulation, ltering, and equalisation techniques can be implemented using
DSP to correct the phase and frequency osets in homo-dyne coherent
detection.
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Figure 4.13: Illustration of a wireless signal generation set-up using optical
heterodyne mixing (a), and the radio over bre uplink with an optical coherent
receiver based demodulator (b).
In the previous sections a modulator concept for use generating mmW
wireless signals is presented. The proposed modulator can be used to4.5 Optical Heterodyne Generation of Millimetre Wireless Signals
[Paper L] 85
generate dierent modulation formats since it incorporates an I/Q MZM,
but would require integrated devices if modulation formats like QAM
have to be implemented.
On the same principles of coherent detection, optical heterodyne detec-
tion for generation of wireless signals was demonstrated involving optical
phase locked loop techniques [76,77]. Optical phase locked loop based
wireless signal generation have similar drawbacks related to analogue
optical phase locked loops like low linewidth requirement, strict group
delays. Apart from the aforementioned problems, for generating higher
frequencies in the mmW band, complex electronic circuitry is needed
which limits the use of optical phase locked loops for mmW wireless.
Digital signal processing aided optical coherent detection has allowed the
use of free running lasers for homo-dyne mixing and correcting the result-
ing phase and frequency osets. Using the advantages of optical coherent
detection and DSP, in paper L a new technique for generation of wire-
less signals by heterodyne mixing of two free running optical carriers is
presented. In this technique, one of the optical carriers is modulated
either in phase, amplitude or a combination of both, while the other un-
modulated optical carrier is separated in frequency by the desired RF
carrier frequency, which are combined and mixed in a photo-detector.
The whole generation process of the wireless signals only require base-
band electronics and optical modulator at the baud-rate. The heterodyne
mixing of two free running lasers results in phase and frequency oset.
To correct these phase and frequency oset, the optical RoF demodula-
tion technique using optical coherent detection, as shown in g. 4.11 can
be implemented.
One of the main advantages of this system is the simplicity, where no
mmW components are needed. Direct optical base-band data can be eas-
ily converted to wireless at any desired frequency, which does not require
any additional optical/electrical conversion nor RoF equipment. It can
be said that the classical RoF problem has been transformed completely
into a baseband digital problem, but still for generation, transmission
and demodulation of wireless signals. The use of common modulation
format for both optical and wireless links provide a complete transparent
integration between the wired and wireless networks.86 Optical Baseband Modulation for Millimetre Wave Wireless
Figure 4.13 shows the schematic of the heterodyne optical mixing based
wireless signal generation and sub-sequent demodulation. The use of op-
tical I/Q MZM and heterodyne mixing for RF signal generation makes
this technique scalable in frequency, bit-rate and modulation format.
Since only one of the optical carriers is modulated, the resulting signal is
SSB in nature, which is immune to the bre's chromatic dispersion. The
downside of this technique is the use of four free-running lasers, which
greatly increases the total phase noise of the system which is the sum of
the phase noise all the four lasers. Also the frequency and phase oset
doubles which will require greater signal processing complexity.
4.5.1 Experimental Validation
The increase in capacity demands is pushing the wireless systems towards
higher mmW bands like the 70{80 GHz (W{band). Using the heterodyne
mixing technique, theoretically wireless signals at any frequency can be
generated as long as the bandwidth of the PD and the electro{optic
modulator at the receiver is sucient enough. In paper L, experimental
demonstration of a wireless signal generation using optical heterodyne
mixing and subsequent demodulation using an optical coherent detec-
tion is presented. Record capacities of up to 20 Gb/s signal generation
in the 75{110 GHz band with QPSK modulation is demonstrated. Fig-
ure 4.14(a) shows the combined optical spectrum of a 20 Gb/s QPSK
signal and an un-modulated optical carrier 0.72 nm (90 GHz) apart .
To perform the demodulation the RoF optical coherent detection based
demodulation was used, and the BER was measured as a function of re-
ceived optical power. Using this technique rst a 5 Gb/s ASK signal was
generated at 82 GHz and later at 100 GHz. Later the modulation format
was changed to QPSK and up to 20 Gb/s wireless signals at 82 GHz
were generated. Figure 4.14(b) shows the BER plots, indicating very
high receiver sensitivity with BER of 10−3 with received optical power of
−48 dBm. In g. 4.14(b) it can be seen that the use of adaptive equal-
isation improves the BER for 16 Gb/s QPSK signal from 10−3 to 10−5
indicating a strong inter-symbol-interference at 16 Gb/s. This is mainly
attributed to the bandwidth of the various electronic and opto-electronic
components used. The advantage of using coherent detection is that the
device induced imperfections like distortion can be corrected using the4.5 Optical Heterodyne Generation of Millimetre Wireless Signals
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Figure 4.14: (a)Measured optical spectra of a 20 Gb/s QPSK signal together
with an unmodulated carrier 90 GHz away. (b) Bit error rate plots of the 75{110
GHz QPSK wireless signals with up to 20 Gb/s capacity.
appropriate equalisation algorithm.
4.5.2 Optical OFDM based 40 Gb/s Wireless Signal Gen-
eration [Paper M]
Heterodyne mixing of optical signals for generation of wireless signals
provide a very interesting solution for high capacity wireless links. Using
modulation formats like QPSK upto 20 Gb/s wireless signal generation is
demonstrated with relatively lower spectral eciency of around 1 b/s/Hz.
Advanced modulation formats like 16{QAM can help increase the spec-
tral eciency but require low phase noise and complex equalisation algo-
rithms which will limit its use. The heterodyne technique involves beating
of four free running lasers, which have twice the phase noise compared
to an optical baseband link. Recently the use of closely spaced WDM
signals for very high capacity baseband optical transmission have been
gaining interest [13,165], which use the advantage of coherent detection
and reduce the channel spacing between WDM channels. A novel tech-
nique where two or more synchronous optical carriers with a separation
of the channel baud-rate in an orthogonal frequency division multiplex-
ing (OFDM) condition to double the channel bit-rate was proposed [165].
Several other results followed, reporting increased spectral eciency us-88 Optical Baseband Modulation for Millimetre Wave Wireless
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Figure 4.15: Schematic of a wireless OFDM signal generator using heterodyne
mixing of an optical OFDM signal.
ing optical OFDM (O-OFDM) modulation. Using this technique upto
ve sub-carrier QPSK signal generation with a record capacity of 250
Gb/s on a single WDM channel was experimentally demonstrated [13].
OFDM signal modulation is widely used in current wireless networks.
The current trend in very high capacity (> 10 Gb/s) wireless links is the
use of electrical OFDM signals at a lower IF frequency and up-converting
to the RF frequency using optical up-conversion techniques seen in chap-
ter 2. These techniques are limited in bandwidth since higher bandwidth
require the digital to analogue converters at higher speeds. Also direct
integration between optical and wireless signal is not achieved without
making the necessary changes in the signal format. In paper M, gener-
ation of wireless OFDM signals by simply converting an optical OFDM
signal to electrical is presented. The generation process is based on het-
erodyne mixing of an optical OFDM{QPSK signal with an unmodulated
carrier. Dierent sub-carrier congurations were implemented at 60 GHz
and 75{110 GHz and up to 40 Gb/s wireless signal generation using two
sub-carrier QPSK modulation is demonstrated. Figure 4.15 shows the
schematic of the wireless OFDM signal generator. Using this technique,
rst wireless signals with two sub-carriers at a record capacity of 20 Gb/s
(5 Gbaud) were generated at 60 GHz. Later, the carrier frequency was
set to be in the 75{110 GHz band and two sub-carrier OFDM signals at 54.5 Optical Heterodyne Generation of Millimetre Wireless Signals
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Figure 4.16: Bit error ratio plots of wireless OFDM signals with dierent sub
carriers at 60 GHz and 100 GHz band.
Table 4.1: Summary of dierent sub carriers for OFDM{QPSK wireless signal
generation and their corresponding bit error ratios in both 60 GHz and 75{110
GHz bands.
Sub car-
riers
Baud
rate
(Gbaud)
Frequency
Band
(GHz)
Total
Bit-rate
(Gb/s)
Spectral
eciency
(b/s/Hz)
Measured
BER
1 5 60 10 1.33 6:2×10−5
2 5 60 20 1.67 3:3×10−4
3 4 60 24 1.71 1:7×10−3
2 8 75{110 32 1.67 7:9×10−3
2 10 75{110 40 1.67 8:9×10−3
Gbaud resulting a total capacity of 20 Gb/s were generated . Figure 4.16
shows the BER plots of the wireless OFDM signals.
The relatively large penalty induced by the wireless signals in the 75{110
GHz band is due to the severe bandwidth limitations imposed by various
components. For example, the amplier used at 75{110 GHz band has 690 Optical Baseband Modulation for Millimetre Wave Wireless
dB lower gain compared to the one at 60 GHz, and the photo-diode used
for wireless signal generation has a 3 dB cut{o bandwidth of around
90 GHz. using the similar technique dierent sub-carrier congurations
at with dierent baud rates were implemented for generation of OFDM
wireless signals and summarised in table
4.6 Conclusions
In this chapter the optical digital communication techniques for genera-
tion and demodulation of wireless signals is presented. Unlike previous
photonic vector modulation techniques, the optical baseband techniques
provide the advantage of generating any vector modulated signals by us-
ing a simple dual parallel Mach{Zehnder modulator with are tolerant to
dispersion induced RF power fading. Optical modulation formats like
DQPSK were studied where an optical DQPSK signal is directly con-
verted to an RF DQPSK signal using a special modulator conguration.
Similarly a novel concept for generation of wireless signals using hetero-
dyne technique is presented. The heterodyne technique uses two free
running lasers to generate the mmW wireless signals with theoretically
any modulation format with any RF frequency. The major advantage of
these above techniques is the generation of phase modulated SSB signals,
which are immune to chromatic dispersion.
Optical dierential phase modulated wireless signal generation was suc-
cessfully demonstrated and the around 5 dB of power penalty was ob-
served after the process of up-converting an optical DPSK signal to wire-
less and later demodulation. The generation technique simultaneously
provides wired and wireless signals which could be advantageous in sev-
eral network architectures.
The optical demodulation techniques are all based on side-band ltering
on the same grounds of the photonic vector demodulator. Here, the side-
band ltering recovers the original modulation format of the wireless sig-
nals on the side-band. The ltered side-band which is a baseband optical
signal is demodulated using various incoherent techniques. The optical
dierential phase modulation based wireless signals were demodulated us-4.6 Conclusions 91
ing delay interferometric demodulation, whereas coherent detection was
implemented for advanced modulation formats like OFDM.
Optical coherent detection based demodulation has demonstrated very
high sensitivities, and the digital signal processing can be used to correct
the components induced degradation. The demodulation of a 2.5 Gb/s
wireless signal was performed after 25 km of bre, and no penalty was
observed. Also a BER of around 10−3 was measured with OSNR values as
low as 6 dB, demonstrating the high sensitivity of the coherent detection.
The wireless signal generation by simply heterodyne mixing of two free
running lasers was investigated, and the DSP aided coherent detection
was implemented to track the phase and frequency osets generated by
the free running lasers. Using this technique up to 20 Gb/s QPSK wire-
less signal generation and successful demodulation was performed where
receiver sensitivity of around -48 dBm was recorded. The RF devices
induced bandwidth limitations were also corrected using adaptive equal-
isation techniques indicating the advantages of DSP based coherent de-
tection. The scalability and the frequency transparency of the proposed
system was demonstrated by generating wireless signals with dierent sub
carrier OFDM congurations in both 60 and 75{110 GHz bands. Using
the optical OFDM techniques up to 40 Gb/s wireless signal generation
was demonstrated with a two sub carrier OFDM{QPSK modulation.
The major drawback of the heterodyne system is the total phase noise
generated by beating of four free running lasers, which will limit the
choice of the modulation format. Hence higher spectral eciency may
only be achieved by using higher number of sub carriers while using
robust modulation format like QPSK. Similarly the phase and frequency
osets become larger, which to a certain extent can be corrected, but
with complex tracking algorithms.
It can be concluded that the direct conversion of optical baseband signals
to RF has the clear advantage of seamless wireless/wired integration,
since all the data has to be carried to from the antenna using optical bre.
The possibility of directly feeding the wireless BS with optical baseband
data reduces the complexity and the cost of the network to a great extent.
Also current optical networks and systems can be readily used to provide92 Optical Baseband Modulation for Millimetre Wave Wireless
wireless services. without the need of any radio over bre techniques.
The modulation and demodulation techniques proposed in this chapter
are totally transparent and the addition of the wireless channel does not
require any change in modulation format maintaining the higher network
layers intact.Chapter 5
Conclusions and Future
Outlook
Gigabit capacity wireless links are evolving at a very rapid pace which is
already estimated to be a multi-billion dollar market, and wireless links
matching capacities of optical communication links are extensively in-
vestigated. The main reason to seek such high capacity wireless is to
bridge the existing bottle neck between the wired and wireless communi-
cation systems, and providing such high capacities to users will open new
opportunities and markets. To generate and support the high capacity
wireless, optical communications as a backbone plays a very crucial role.
Radio over bre technology oers the 
exible combination of wireless and
optical communications for generation, transmission and demodulation
of wireless signals, bring optics and wireless closer.
The current state of the art in wireless technology is moving towards
achieving very high capacities in wireless, mostly using high spectral
ecient electrical signals and later up-conversion to RF frequency using
optical techniques. This technique oers a good solution for providing
wireless connectivity but has the several limitations like bre's dispersion,
limited bandwidth scalability, and complex electronic modulators and94 Conclusions and Future Outlook
demodulators at intermediate frequency. The current radio over bre
uplinks have a similar limitation, which either transport the whole RF
signal to the central station which is dispersion prone, or use an IF down-
conversion which would require IF demodulators.
In this work, several techniques for generation and demodulation of wire-
less signals are presented. The main dierence and advantage between
this work and the previously existing work in the use of pure baseband
signalling for generating the wireless signals with advanced modulation
formats. The use of pure baseband signals does not require any RF or IF
components, and direct optical baseband signals can be used to gener-
ate wireless signals, which provides a greater integration between wireless
and optical signals. Similarly the demodulation techniques proposed con-
vert the wireless signals to optical baseband signals which are immune to
chromatic dispersion.
Photonic Vector Modulation/Demodulation
Photonic vector modulation provides a simple solution to convert optical
on{o{keying signals to wireless QAM signals. The results indicate very
good quality when PVM technique is used to generate the wireless sig-
nals. The PVM can be implemented either at the CS or baseband data
can be directly fed to an antenna BS. Higher spectral ecient modula-
tion formats can be generated using PVM, and generation of 10 Gb/s
signals at 60 GHz using QPSK and 16{QAM modulation were demon-
strated. The robustness of PVM based wireless signals was demonstrated
by feeding it into a recongurable optical access network with dierent
other services in a DWDM scenario.
The main drawback of these systems is the bre's chromatic dispersion,
which will limit the transmission distance as higher mmW bands are con-
sidered. This is due to the use of conventional optical RF up-conversion
techniques using external modulators in a double side-band conguration.
Radio over bre uplinks have always been limited by the bre's chro-
matic dispersion. Using the properties of optical side-band ltering of95
a radio over bre signal, photonic vector demodulation oers the ability
to directly demodulate wireless signals to their respective in-phase and
quadrature component in baseband. The direct conversion of RF signal
to baseband optical signal oers immunity to bre's chromatic induced
dispersion. Also the direct conversion of RF to baseband will allow the
possibility of feeding the baseband signals directly into a higher optical
network like metro or core.
The only limitation of the demodulating downlink is the requirement
of phase locked electrical LO signal at the central station, which will
complicate at higher mmW frequencies.
Optical Coherent Detection
The renewed interest in optical coherent detection is obvious in the eld
of optical communications. The major advantages of using optical co-
herent detection is the high sensitivity obtained, and combining coherent
detection with digital signal processing creates robust optical communi-
cation systems where several device and transmission impairments can be
corrected using digital signal processing. In this work the use of optical
coherent detection in combination with DSP for the detection of wireless
signals is proposed. In a downlink scenario, the side-band ltering oers
the dispersion immunity and the coherent detection the required sensitiv-
ity. Since coherent receivers will be available in every network equipment
in the near future, use of coherent detection is a very attractive solu-
tion for radio over bre links which will reduce the cost drastically, and
achieve seamless integration between the wireless and wired signals.
Optical Heterodyne Based Wireless Signal Gen-
eration
The robustness of optical coherent detection and digital signal process-
ing, which enables the use of free running lasers for homo-dyne detection
has motivated the use of optical heterodyne mixing for wireless signal96 Conclusions and Future Outlook
generation. In this technique a wireless signal is simply generated by
heterodyne mixing with another free running laser, virtually possible to
generate any modulation format at any carrier frequency. Wireless signal
generation at capacities equivalent to optical systems have been demon-
strated, with up to 40 Gb/s in the 75{110 GHz band. This technique
converts a radio over bre system to a pure baseband system, but still
providing wireless services. The advantages of this technique is that no
RF components are required either for generation nor for demodulation,
and any optical WDM node can be easily converted into a wireless base
station. Also this technique is agnostic to the added wireless channel,
which achieved a seamless transparent integration.
The downside of this technique is the total phase noise generated in the
system due to the mixing of four free running lasers. This would limit
the modulation format that can be used, creating an upper limit to the
spectral eciency. On the other hand optical OFDM techniques can be
used to increase the spectral eciency while maintaining a lower order
robust modulation format like QPSK.
Outlook
Broadband wireless links integrated with optical access networks need to
mature before becoming a reality. The integration of wireless and wired
services will be the crucial motivation for implementation of such network
architectures. Photonic generation techniques oer the 
exibility, but
transparency at higher network protocol layers must be considered.
The optical downlinks carrying these high capacity wireless link mainly
rely on the electro-optic modulator which operate at the mmW frequency.
Currently modulator up to 100 GHz are available, but when higher fre-
quency bands are considered, devices working at such high frequencies
must be investigated.
Optical coherent detection is maturing and commercial implementation
of such devices will happen in the near future. Coherent detection in radio
over bre will play a crucial link, especially demonstrating the ability of97
direct conversion of optical baseband to RF signal. new algorithms can
be investigated which will provide more robustness to phase noise, and
higher linewidth devices like VCSELS can be used to reduce the cost of
the systems.98 Conclusions and Future OutlookAppendix A
Expressions of Photonic
Vector Demodulator
Assuming the wireless QAM signals to be of the form:
VRF(t) = Vm[I(t)cos(!RFt+RF)+Q(t)sin(!RFt+RF)]
= VmA(t)sin(!RFt+RF +	) (A.1)
Where A(t) =
»
I2(t)+Q2(t) and 	 = arctan
Q(t)
I(t) 
Using a MZM, to modulate the wireless signal on an optical carrier, the
output of the MZM after L km of SMF can be written as:
Eout(t) =
»
PTff expj(!0t+0)⋅J0(mRF)+J1(mRF)
A(t)⋅expj(±!RFt+RF +	+
2L!2
RF
2
) (A.2)
Modulating the above with a LO tone of frequency !LO = !RF:
Eout(t) =
√
PTff expj(!0t+0)
⋅J0(mRF)+J1(mRF(A(t)expj(±!RFt±RF +	+
2L!2
RF
2
)	
⋅[J0(mLO)+J1(mLO)expj(±!RFt±LO+] (A.3)100 Expressions of Photonic Vector Demodulator
Simplifying the above expression and deriving only up to the rst order
term:
Eout(t) =
√
PTff expj(!0t+0)⋅J0(mRF)J0(mLO)+
⋅J0(mRF)J1(mLO)expj(±!RFt±LO)+J0(mLO)J1(mRF)
A(t)expj(±!RFt±RF +	+
2L!2
RF
2
) (A.4)
Now 
tering the upper sideband at !0 +!RF, we get:
EUSB
out (t) =
√
PTff expj(!0t+!RFt+0)J0(mRF)J1(mLO)expj(LO)
+J0(mLOJ1(mRF)A(t)expj(RF +	+
2L!2
RF
2
)) (A.5)
For the in-phase component the phase relation between the LO and RF
signals is:
LO = RF +
2L!2
RF
2
(A.6)
The photo-detected output of the in-phase component is:
iI
PD(t) =
PT2
ff
2
J2
0(mRF)J2
1(mLO)I(t) (A.7)
For quadrature component the phase relation between the LO and RF
signals is:
LO = RF +
2L!2
RF
2
+

2
(A.8)
Thus, the photo-detected output of the quadrature component is
i
Q
PD(t) =
PT2
ff
2
J2
0(mRF)J2
1(mLO)Q(t) (A.9)Bibliography
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Abstract 
A novel technique for envelope detection of wireless signals using a single Mach-Zehnder modulator is presented. 
Experimental demonstration of 1.25 Gbit/s ASK modulated 35 GHz carrier envelope detection is presented. 
 
troduction 
 demand in wireless transmission of 
ly efficient 
e detector should be able to 
Mach-Zehnder modulator biased at its minimum 
In
The increased
broadband data has pushed research efforts towards 
the generation and detection of wireless signals at 
millimetre wave frequencies with data rates of some 
Gbit/s, using traditional photonic mixing arrangements 
[1, 2]. Application of such wireless Gb/s capable radio 
over fibre (RoF) systems may be for instance wireless 
extension and bridging of FTTH networks. 
Recently, the generation of more spectral
modulation formats like MQAM at 40/60 GHz band 
have been reported [3,4]. When operation at higher 
frequency bands such as 94 GHz or 120 GHz is 
achieved, simpler bandwidth inefficient modulation 
formats like amplitude shift keying (ASK) can be 
used, due to the huge available bandwidth. To 
demodulate an ASK modulated carrier, envelope 
detection is needed. Recently envelope detection 
schemes have been proposed like for demodulating 
10 Gbit/s ASK modulated 120 GHz carrier [1] using 
an electrical envelope detector and later performing 
the E/O conversion, or using an electro-absorption 
modulator (EAM) biased at its inflection point and 
external optical injection of a DFB laser [5], both of 
which involve complicated electronics and optical 
devices. In this paper a simplified photonic envelope 
detector with a single Mach-Zehnder modulator and a 
fibre Bragg grating is proposed. The photonic 
envelope detector converts an ASK modulated 
wireless carrier into an ASK modulated optical carrier 
for feeding into an optical network. Experimental 
demonstration of envelope detection of 1.25 Gbit/s 
ASK modulated 35 GHz carrier is presented, and an 
error free detection obtained. The choice of 1.25 
Gbit/s, and 35 GHz of carrier were determined and 
limited by the electrical mixer and amplifiers, and not 
the actual principle of operation.  
Working Principle 
A photonic envelop
convert the amplitude modulated RF signals to optical 
ASK signals. In the proposed photonic envelope 
detector, the output of a CW light source is modulated 
with the amplitude modulated RF carrier using a 
transmission point. The output of the MZM is an 
optical carrier with the electrical signal half wave 
rectified, modulated on it as shown in Fig. 1. 
 
Figure 1: Principle of photonic envelope detection 
The output of the MZM contains two sidebands
se  
 
parated by f LO, with the baseband data ASK
modulated on each of them. Later, the output of the 
modulator is passed through a fibre Bragg grating, 
and only one sideband is selected. It should be noted 
that the bandwidth of the FBG should be more than 
twice the RF data rate. The optical carrier output of 
the FBG contains the data amplitude modulated on it. 
Figure 2: Schematic of the photonic envelope 
detector experimental setup. 
f the experimental setup 
nvelope detector. It consists of 
Experimental Setup 
Fig. 2 shows the schematic o
used for the photonic e
P.6.04 ECOC 2008, 21-25 September 2008, Brussels, Belgium
Vol. 5 - 213 978-1-4244-2229-6/08/$25.00 ©2008 IEEEthree blocks: the electrical ASK modulated carrier 
generation, the optical envelope detector, and the 
optical pre-amplified receiver for measuring the bit 
error rate. The electrical signal was generated by 
mixing a 1.25 Gbit/s 2
31-1 PRBS data, x(t), with a 35 
GHz LO carrier. The output of the mixer was amplified 
to +13 dBm using an electrical amplifier prior to 
modulating the optical carrier. In the envelope 
detector, a continuous wave laser source at 1549.68 
nm with an output power of +11 dBm was externally 
modulated by the 1.25 Gbit/s ASK 35 GHz carrier 
using a 50 GHz bandwidth MZM, biased at its 
minimum transmission point.  
 
Figure 3: The optical spectrum at the output of the 
Mach-Zender modulator (a), at the output of the fibre 
Fig. 3(a). A fibre s used with a 
receiver was used. The 
Fig. 4 shows the BER curve plotted against the 
optical power received to the pre-amplified 
Bragg grating (b).  
The optical spectrum of the MZM output is shown in 
 Bragg grating wa
circulator for filtering out the desired optical sideband. 
A 25 GHz bandwidth FBG centred at 1550 nm was 
used for filtering the upper sideband. The output of 
the filter is a baseband data ASK modulated optical 
carrier at 1550 nm. The optical spectrum of the ASK 
signal is shown in Fig. 3(b).   
To measure the bit error ratio curve of the optical ASK 
signal a typical preamplified 
output of the FBG was passed through an erbium 
doped fibre amplifier (EDFA) and followed by a 
tuneable band pass filter centred at 1550 nm with a 
bandwidth of 1 nm for filtering the accumulated 
stimulated emission (ASE) noise of the EDFA. A 12.5 
Gbit/s photodiode was used to convert the optical 
signal to the electrical domain. A 900 MHz low pass 
filter was used to filter the received data prior to bit 
error ratio test. 
Results 
average 
receiver. Error free detection was obtained with 
received power as low as -22 dBm. For a BER of 10
-9, 
a received optical power of -23.7 dBm was required. 
One of the challenges faced was the high Vπ of the 
MZM and not so high output power of the electrical 
amplifier. As an example to drive the MZM with full 
cycle a 24 dBm RF signal is required, and the 
amplifiers available in the lab can only generate +13 
dBm of power. The receiver sensitivity can be fairly 
improved by using a high power amplifier.  
 
 
Figure 4: Measured bit error ratio plotted against the 
average received optical power. 
 
 
Figure 5: The electrical eye diagram at a receiver 
power of -24 dBm. 
Conclusions 
A simplified novel photonic envelope detector for 
converting wireless signals into optical baseband ASK 
modulation based on a single Mach-Zehnder 
modulator and a fibre Bragg grating is presented. 
Envelope detection of 1.25 Gbit/s ASK modulated 35 
GHz carrier was experimentally demonstrated, and a 
error free detection achieved.  
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Abstract—In this paper, two photonic vector modulator (PVM)
architectures are presented, and their use in generating multi-
gigabit-per-second M-ary quadrature amplitude modulation/
M-ary phase shift keying modulated RF carriers in the
millimeter-wave frequency regime is experimentally demon-
strated. First, a highly scalable photonic quadrature amplitude
modulation (QAM) architecture based on vector summation and
dispersive delay lines, which directly generate multilevel signals
from parallel in-phase and quadrature components, is proposed
and experimentally demonstrated by generating up to 3-Gb/s
quadrature phase shift keying (QPSK), four-level amplitude shift
keying, and eight-level QAM at 39-GHz-modulated carriers. The
possibility of also detecting the baseband components is shown,
which allows the simultaneous feeding of baseband/RF signals
over the same infrastructure. This architecture is limited to a
certain length of ﬁber, as the quadrature condition is obtained
for a certain aggregated dispersion. To overcome this limitation,
a second PVM architecture is proposed, which is based on the
use of two Mach–Zehnder modulators in parallel and an optical
delay line to obtain the quadrature condition. The generation of a
2-Gb/s QPSK signal is experimentally demonstrated, including a
1-km standard single-mode-ﬁber transmission.
Index Terms—Broadband access networks, frequency conver-
sion, hybrid ﬁber-wireless access networks, microwave photonics,
photonic vector modulators (PVMs), radio-on-ﬁber (RoF).
I. INTRODUCTION
B
ROADBAND wireless access (BWA) networks are key
last-mile-access technologies. BWA facilitates extending
network coverage with relatively low deployment costs, faster
revenue growth, and increased ﬂexibility compared to common
cabled infrastructures.
In parallel, wired local area networks and ﬁber-to-the-home
access networks, which are experiencing a remarkable capacity
increase, for instance 10 Gb/s for gigabit Ethernet (GbE),
Manuscript received February 15, 2007; revised April 27, 2007. This
work was supported by the European Commission FP6 under Project IST-
35317 IPHOBAC and Project IST-26592 ISIS and by the Spanish MCyT and
EU-FEDER under Project TEC2005-08298-C02-02.
R. Sambaraju, V. Polo, and J. Martí are with the Nanophotonics Technology
Center, Universidad Politécnica de Valencia, 46022 Valencia, Spain (e-mail:
rsambaraju@ntc.upv.es; vpolor@ntc.upv.es; jmarti@ntc.upv.es).
M. Á. Piqueras is with DAS Photonics, S.L., Ciudad Politécnica de la
Innovación, 46022 Valencia, Spain (e-mail: mapiqueras@dasphotonics.com).
J. L. Corral was with the Departamento de Comunicaciones, Universi-
dad Politécnica de Valencia, 46022 Valencia, Spain. He is now with the
Nanophotonics Technology Center, Universidad Politécnica de Valencia, 46022
Valencia, Spain (e-mail: jlcorral@ntc.upv.es).
Digital Object Identiﬁer 10.1109/JLT.2007.907795
2.5 Gb/s for gigabit passive optical network, and 3.2 Gb/s for
the IEEE 1394, are gaining momentum, as costs are decreasing
due to higher market penetration, standardization, and use of
low-cost optical technologies [1], [2].
This increasing capacity of wired data transmission has
pushed the development of wireless technologies capable of
transmitting high data rate signals, which is only possible
by utilizing the millimeter-wave band. To reduce the utilized
bandwidth, efﬁcient modulation techniques such as quadrature
amplitude modulation (QAM) or phase-shifted keying (PSK)
modulations are employed. Typically, the generation of such
modulation formats at microwave or millimeter-wave frequen-
cies is electrically done by generating the modulation at an
intermediate frequency and upconverting this signal up to the
carrier frequency. However, when both the data rate and the
carrier frequency are high, the modulation has to be directly
generated at the carrier frequency, which requires devices
with very stringent constraints in terms of bandwidth and
linearity.
Radio-on-ﬁber (RoF) systems [3] have been proposed as
enabling technologies to overcome the limitations of current
electrical systems demonstrating multi-gigabit-per-second data
rates wireless transmission at the millimeter-wave band [4]–[7].
However, the direct upconversion of multi-gigabit signals still
imposes huge bandwidth requirements to the RF front end,
as the upconverted signal occupies a passband bandwidth as
huge as 20 GHz centered at very high frequencies, which is
typically 120 GHz or above. At these frequencies, the signal
suffers severe distance attenuation, which limits the maximum
coverage area. Additionally, the hardware development at these
frequencies is complicated and expensive.
As it happens in the case of electrical systems, the alternative
is to generate the multilevel modulation formats employing
photonic techniques [8]–[13]. Typically, they are based on
the vector summation technique, which consists in achieving
the desired carrier phase and amplitude by summing two or-
thogonal components, namely in-phase (I) and quadrature (Q)
components.
In this paper, two photonic vector modulator (PVM) tech-
niques are proposed and experimentally demonstrated. First,
a highly scalable photonic QAM architecture based on vector
summation and dispersive delay lines, which directly generate
multilevel signals from parallel I and Q components, is
proposed and experimentally demonstrated by generating up
0733-8724/$25.00 © 2007 IEEESAMBARAJU et al.: MULTI-GIGABIT-PER-SECOND MQAM/MPSK-MODULATED MILLIMETER-WAVE CARRIERS 3351
Fig. 1. Schematic of the proposed PVM architecture and phase-matched demodulation arrangement employed in the experiments. (OSA: optical spectrum
analyzer. DCA: digital communications analyzer. ESA: electrical spectrum analyzer).
to 3-Gb/s quadrature phase shift keying (QPSK), four-level
amplitudeshiftkeying(4-ASK),and8-QAMsignalsat39GHz,
and conﬁrming the capability of transmitting the original data
streams at baseband, extending the results provided in [14]. The
latter allows the simultaneous feeding of baseband/RF signals
over the same infrastructure, as the generated signals can be
detected both at baseband and upconverted to an arbitrary
millimeter-wave frequency, in a highly ﬂexible approach. At
baseband, the digital data streams used to compose the mul-
tilevel signal can be directly detected after wavelength division
demultiplexing the incoming wavelengths. At the same time,
the digital data stream is upconverted and remodulated in a
multilevel format directly over a RF carrier, which can be
ampliﬁed, ﬁltered, and radiated to a remote location over a
wireless link. This architecture is limited to a certain length
of ﬁber, as the quadrature condition is obtained for a certain
aggregated dispersion.
To overcome this limitation, a second PVM architecture is
proposed, which is based on the use of two Mach–Zehnder
modulators (MZMs) in parallel and an optical delay line (ODL)
to obtain the quadrature condition. The advantage of this ar-
chitecture is that it allows ﬁber transmission over different
spans, by controlling the transmission-induced delay between
the two wavelengths using the ODL. The generation of a 2-Gb/s
QPSK signal is experimentally demonstrated, including a 1-km
standard single-mode-ﬁber (SSMF) transmission.
The organization of this paper is as follows. Section II
describes the ﬁrst PVM architecture, which is based on direct
modulation of the lasers using baseband data, the RF carrier
modulation using external modulator(s), and the quadrature
condition using a dispersive element like a ﬁber. Experimental
results are reported, and the application of this architecture is
also discussed. Section III deals with the second proposed PVM
architecture that is based on parallel MZMs and ODL, which
solves the ﬁber-length-dependence constraint experienced by
the architecture proposed in Section II. Again, the proposed
PVM architecture is described, and the experimental results are
reported. Finally, the conclusion is given in Section IV.
II. PVM ARCHITECTURE BASED IN VECTOR SUMMATION
A. Architecture Description
PVM architectures proposed in the literature are commonly
based on two or more broadband electrooptical modulator
arrangements, as well as complicated electrical control signals
and electrical hybrids at the carrier frequency, which limits
the useful bandwidth and increases the hardware complexity
[4]–[7]. Fig. 1 depicts the PVM technique proposed in this
paper, which employs a unique MZM, a dispersive medium as
cheap as optical ﬁber, and baseband-modulated optical sources.
This PVM architecture can be employed to implement super-
broadband wireline/wireless heterogeneous access networks, as
will be discussed in Section II-C.
The data source is a digital word formed by as many bits as
required to obtain the desired modulation level. This parallel
word has to be obtained from a digital bit stream, for instance,
coming from a GbE router. The order of the generated modula-
tiondependsonthenumberofparallelbitstreams.Forexample,
togeneratea64QAMsignal,adigitalwordoflog2(64) = 6bits
is required. This parallel digital stream directly modulates the
lasers, which are standard optical sources widely employed,
for instance in GbE systems. To generate the QAM signal, the
even bits b
(I)
x and lasers will form the in-phase component, and
the odd bits b
(Q)
x will form the quadrature one. The optical
signals are combined by employing cascaded 3-dB optical
coupler. In the MZM, all the directly modulated optical carriers
are externally modulated by a local oscillator (LO) tone at
the carrier frequency. Then, the optical signal is transmitted
to the photodiode (PD) over a dispersive medium such as
a standard single-mode optical ﬁber. Due to the chromatic
dispersion of the ﬁber, a differential delay ∆τ = D · L · ∆λ
among optical components is introduced [12], which depends
on the wavelength spacing (∆λ [in nanometers]), the ﬁber
length (L [in kilometers]), and the ﬁber dispersion parameter
(D [ps/km · nm]). A 90◦ phase shift is induced between the
adjacent wavelengths by setting ∆τ = TLO/4, where TLO [in
seconds] is the period of the LO signal. At the PD output, as3352 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 25, NO. 11, NOVEMBER 2007
Fig. 2. Measured electrical spectrum at PD output. Both the baseband and multilevel RF components are clearly distinguished.
many replicas of the LO with differential phase shift of 90◦
as bits are obtained. Employing the proposed architecture, it is
possible to generate other modulation formats, such as QPSK
or 4-ASK, by simply adjusting the phase relationship between
theopticalcarriersbyproperlytuningthedifferentialdelay.The
resulting normalized LO component of the photocurrent at the
PD output yields
iLO
ejωLOt =

b
(I)
0 −
1
2
b
(I)
1 + ···+
1
(−2)N/2b
(I)
N/2

+ j

b
(Q)
0 −
1
2
b
(Q)
1 + ···+
1
(−2)N/2b
(Q)
N/2

. (1)
ThissignalisaQAMattheLOfrequency,exceptthattheodd
bits in both I and Q components have negative values. In fact,
each QAM component is a multilevel signal with 2N/2 linearly
spaced levels, N being the total number of bits.
With the proposed architecture, the QAM signal can be
directly obtained from the parallel binary word, which results
in a very simple and scalable architecture. In addition, since
the multilevel signal is constructed at the PD output, no lasers
with special linear modulation performance are required, sim-
plifying the required hardware. An analysis on the tolerance
of this PVM arrangement to drifts in the laser wavelength and
LO frequency was reported in [12]. The system performance is
not affected by the frequency chirp of the laser as the total link
dispersion is controlled to maintain the 90◦ relation between
adjacent optical carriers, and the data signal bandwidth is small
if compared to the optical carrier separation.
B. Experimental Results
The setup depicted in Fig. 1 was employed to validate
the proposed approach. A set of three distributed feedback
(DFB) lasers (1-GHz bandwidth), which is directly modulated
by high-speed nonreturn-to-zero signals with 1-V amplitude
peak to peak, were employed to generate 2.5-Gb/s 4-ASK,
2.5-Gb/s QPSK, and 3-Gb/s 8-QAM signals at the LO fre-
quency (39.23 GHz). Only two lasers are employed to generate
4-ASK and QPSK signals, whereas all three are needed to
generate the 8-QAM format. In all cases, the optical signals
were polarization controlled and combined in a coupling matrix
composed by two cascaded 3-dB optical couplers. The optical
carriers were centered at 1550.12, 1549.32, and 1548.52 nm.
The corresponding optical signals were modulated by a
+15 dBm LO in a 50-GHz MZM biased at the quadrature
point, ampliﬁed by an Erbium-doped ﬁber ampliﬁer (EDFA),
transmitted over 0.5 km of single-mode ﬁber (SMF) (D =
16.7 ps/km · nm), and photodetected. The optical power at the
input of the PD was +2.5 dBm.
In Fig. 2, the electrical spectrum of the generated signals,
which is measured with an electrical spectrum analyzer (ESA),
is depicted, where both the baseband data and the upconverted
signal at 39.23 GHz can be clearly distinguished. Only the
spectrum corresponding to the case of generating a 2.5-Gb/s
4-ASK signal is shown, as it is analogous to the spectrum
obtained for the QPSK and 8-QAM cases. As shown in Fig. 1,
in all cases, the multilevel RF carrier was demodulated by
mixing a phase-adjusted replica of the LO with the signal, and
eye diagrams were measured using a digital communications
analyzer (DCA).
Figs. 3 and 4 show the results of the 2.5-Gb/s downconverted
signal for the cases of 4-ASK modulation and QPSK modula-
tion, respectively. In these cases, the two lasers were directly
modulated by a 1.25-Gb/s bit stream. It should be noticed that,
in the case of generating a 4-ASK signal, an envelop detector
can be used at the receiver side in a real implementation,
avoiding the need of wideband electrical mixers and phase-
locked loops [4], resulting in a very simpliﬁed and low-cost
solution.
Finally, the three lasers were switched on to generate a
3-Gb/s 8-QAM signal at 39.23 GHz. Each laser was modulated
with a 1-Gb/s bit stream. Fig. 5 shows the demodulated eye
diagrams of both I and Q components, as well as an interme-
diate eye diagram. The four levels of the I component and the
t w ol e v e l so ft h eQ component of the generated 8-QAM signal
can be clearly distinguished.
C. Simultaneous Delivery of Gigabit-per-Second Date at
Baseband and RF for Wireline/Wireless Convergence
Wireline and wireless infrastructure coexistence will con-
tinueforthenext decade, as neither wirelinenor BWAnetworks
offer disruptive advantages in all scenarios. RoF techniques
in this respect offer a highly ﬂexible approach to multiser-
vice hybrid access networks. RoF techniques fostering in-
frastructure sharing, multistandard capabilities, and wireline
and wireless access coexistence have been therefore intensivelySAMBARAJU et al.: MULTI-GIGABIT-PER-SECOND MQAM/MPSK-MODULATED MILLIMETER-WAVE CARRIERS 3353
Fig. 3. Results for 4-ASK generation. (Top) Demodulated eye diagrams of the (left) b
(I)
0 and (right) b
(I)
1 data streams. (Bottom left) Demodulated eye and
(right) generated 4-ASK constellation diagram.
Fig. 4. Results for QPSK generation. (Top) Demodulated eye diagrams of the (left) I and (right) Q components (the GbE receiving mask is shown, compared
with the received eye diagrams). (Bottom left) Intermediate eye and (right) generated QPSK constellation diagram.
Fig. 5. Results for 8-QAM generation. (Top) Demodulated eye diagrams of the (left) I and (right) Q components. (Bottom left) Intermediate eye and
(right) generated 8-QAM constellation diagram.3354 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 25, NO. 11, NOVEMBER 2007
Fig. 6. Measured eye diagrams of 1-Gb/s parallel bit streams after demulti-
plexing measured by the DCA. (Top) b
(I)
0 at 1550.12 nm, (middle) b
(Q)
0 at
1549.32 nm, and (bottom) b
(I)
1 at 1548.52 nm. Horizontal scale is 200 ps, and
vertical scale is 20 mV.
investigated and demonstrated, due to their potential impact in
reducing capital expenditure and operational expenditure costs
[14]–[16].
The proposed PVM architecture can be an alternative solu-
tion in this framework, as it is possible to simultaneously obtain
the baseband data used to generate the multilevel signal, and the
upconverted multilevel modulated RF carrier. To demonstrate
this feature, the setup shown in Fig. 1 was used to generate a
3-Gb/s 8-QAM signal. As shown in Fig. 1, the three wave-
lengths are obtained by demultiplexing the optical signal prior
to photodetection, and then, it is possible to obtain the parallel
bit streams used to simultaneously generate the multilevel
signal bx(I) and the corresponding multilevel modulation at the
RF carrier frequency.
The measured eye diagrams of each parallel bit stream are
shown in Fig. 6. Q parameters of 11.9, 11.8, and 9.5 were
estimated by the DCA software, respectively. These bit streams
can be serialized to get the original 3-Gb/s bit stream or directly
fed to an optical switch that can handle the incoming parallel
data streams directly in the optical domain.
The proposed PVM architecture is a highly ﬂexible approach
to simultaneously provide broadband data at baseband frequen-
cies and at RF. This architecture is limited to a certain length
of ﬁber, as the quadrature condition is obtained for a certain
aggregated dispersion. If dispersion management is included,
to cope with differences in ﬁber spans within the network, the
proposed arrangement will ﬁnd application in real scenarios, as
proposed in [18].
III. PVM ARCHITECTURE BASED IN
TANDEM MZMSA N DODLS
To overcome the ﬁber-length dependence of the quadrature
condition, several approaches can be used, for instance, using
Fig. 7. Schematic of the proposed QPSK modulator and the experimental
arrangement used to demodulate the generated QPSK millimeter-wave carrier.
tunable lasers, ODLs, or dispersion-compensating modules. In
this paper, a second PVM architecture is proposed, based on
the use of two MZMs in parallel, and an ODL to obtain the
quadrature condition.
A. Architecture Description
As shown in Fig. 7, the generation of a QPSK-modulated
carrier is performed in three steps. First, the two DFB lasers are
modulated by the I and Q bit streams. In this case, the lasers
are also standard components for digital baseband applications.
Second,amillimeter-waveLOtoneexternallymodulatesthein-
coming optical carriers in a MZM biased at its quadrature-bias
point. Finally, the quadrature condition is obtained by delaying
the output of the MZM of the Q arm using a tunable ODL.
The LO current component at the output of the PD can be
calculated as
iPD(t)=
 
tﬀLOPT
J0(m)J1(m)
× [(P + ηI(t)) · cos(ωLOt)+( P + ηQ(t))
·cos(ωLO(t − TODL)+β2LωLO∆ω)] (2)
where tﬀ is the MZM coupling losses, LOPT are the losses
associated to the optical ﬁber attenuations, P is the mean
output power of the laser, η is the internal efﬁciency of laser,
I(t) and Q(t) are the in-phase and quadrature baseband data
currents, ∆λ is the wavelength separation, and ∆ω is the
frequency separation of lasers. Jn() is the nth-order Bessel
function of the ﬁrst kind, TODL is the delay induced by the
ODL, β2 is the group velocity dispersion parameter, and
m = πVLO/V π is the LO modulation index, VLO being the
amplitude of the LO component at the input of each MZM, and
Vπ being the half-wave voltage of the modulator.
The optical delay required to obtain the quadrature condition,
as shown in the following equations, is expressed as (3) when
no ﬁber transmission is considered and as (4) when the optical
ﬁeld travels through a ﬁber span:
TODL =
(2k +1 )
4fLO
,k =1 ,2,... (3)
TODL =DL∆λ −
(2k +1 )
4fLO
,k =1 ,2,.... (4)
The difference between this architecture with respect to the
one proposed in Section II is that, in the ﬁrst case, the delaySAMBARAJU et al.: MULTI-GIGABIT-PER-SECOND MQAM/MPSK-MODULATED MILLIMETER-WAVE CARRIERS 3355
Fig. 8. Demodulated baseband eye diagrams. (Top) Back-to-back (a) I and (b) Q components and (bottom), after 1-km ﬁber transmission, (c) I and (d) Q
components. Scale X: 200 ps/div, Y: 10 mv/div. (e) RF spectrum. Scale: X 10 dB/div, Y: 0.5 GHz/div.
required for obtaining the 90◦ condition in the LO envelop
is obtained by dispersion-induced differential delay [12], and
in the second one, it is obtained by propagation differential
delay introduced with an ODL placed in one of the modulator
branches. It is worth stating that, in this second case, when
a ﬁber span is included in the system, which is the normal
situation in all the applications, the dispersion-induced delay
can be dynamically compensated with the ODL, maintaining
the quadrature condition (90◦ phase shift) for any ﬁber length.
This is the case shown in (4). There would be certain ﬁber-
length values whose dispersion would induce the suppression
of the detected RF carrier [19]. These ﬁber lengths should
be avoided or any conventional dispersion compensation
techniques or dispersion-tolerant modulation as optical single
sideband should be used. This situation would never occur in
the technique shown in Section II, where the link dispersion
would always be too low to induce the carrier suppression
effect.
B. Experimental Results
As a proof of concept, the generation and ﬁber transmission
of a 2-Gb/s QPSK signal generated at 39 GHz was performed.
Two directly modulated DFB lasers (1-GHz bandwidth) at
wavelengths 1550 and 1548.211 nm were used. Two pseudo-
random sequences I(t) and Q(t) at a baseband data rate of
1 Gb/s were used to modulate the 1548.211- and 1550-nm
lasers, respectively. The electrical voltage (peak to peak) of
the baseband data I(t) was set to 2.4 V, and 3.3 V for Q(t),
resulting in optical powers of 6.53 and 7.71 dBm, respectively.
To generate ideal QPSK signals, the optical power of the two
arms (I and Q) should be nearly equal, and to achieve this,
the driving voltages were differently chosen to compensate the
2-dB loss of the ODL present in the Q arm. Two 40-GHz MZM
biased at the quadrature point were used to modulate the LO
signal. The LO was split into three arms, where two arms were
ampliﬁed to +15 dBm power to be fed to the optical modulator,
and the third arm to the QAM demodulator arrangement. The
output of the 3-dB coupler was photodetected using a 40-GHz
photoreceiver. To analyze the generated electrical QPSK signal,
it was coherently demodulated using the same LO used in
the transmitter, employing an electrical delay line (EDL) to
synchronize the LO carrier. The output of the mixer is low-
pass ﬁltered using a baseband ﬁlter, and the output is monitored
on a DCA. Looking at the eye diagram, the optical delay was
adjusted to exactly tune to the quadrature condition.
The demodulated baseband signals Q factor was estimated
using the DCA built-in software routines. In the back-to-back
case, measured Q factors were 9.1 and 9.2 dB for the detected
I and Q components. Later, the optical signal was transmitted
overa1-kmSMF.Duetotheﬁber-dispersion-induceddelay,the
quadrature condition was lost but was regained by retuning the
ODL to 24 ps. In this case, the demodulated signal’s Q factor
was estimated to be 5.9 and 6.26 dB for I and Q components,
respectively. The transmission Q-factor penalty is around 3 dB.
This penalty can be reduced by clipping the zero levels of the
optical baseband data but at the cost of reduced optical power.
Fig. 8 shows the demodulated eye diagrams of the system in
the back-to-back case (top) and after 1-km ﬁber transmission
(bottom).
The advantage of the proposed system is its independence
of wavelength separation and the length of ﬁber transmission
compared to the previously proposed architecture at the cost of
increased hardware.
IV. CONCLUSION
In this paper, two PVM architectures based on the vector
summation technique and ﬁber-dispersion-induced delays have
been proposed.
TheﬁrstPVMarchitecture,thegenerationofmultilevelmod-
ulated carriers directly at the carrier frequency from parallel
binary streams is achieved. The required hardware and the
modulator control are simpler and scalable than the previously
proposed architectures. The proposed architecture has been
experimentally evaluated by generating 2.5-Gb/s 4-ASK,3356 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 25, NO. 11, NOVEMBER 2007
2.5-Gb/s QPSK, and 3-Gb/s 8-QAM at 39-GHz carriers. This
scheme is suitable for remote antenna applications by using
dispersion management in the ﬁber span, and the lasers, cou-
pling matrix, and the modulator could be integrated in a sin-
gle photonic chip. Moreover, the feasibility of simultaneously
deploying multi-gigabit-per-second signals at baseband and
millimeter-wave frequencies has been demonstrated in a highly
ﬂexible approach.
A second PVM architecture for generating QPSK signals
at LO frequency using direct modulation of baseband data,
two MZM in tandem, and an ODL has been proposed. By
detuning the ODL, it is possible to independently achieve the
quadrature condition of the ﬁber length. As a proof of concept,
the generation and 1-km ﬁber transmission of a 2-Gb/s QPSK
modulated at 39-GHz RF carrier has been demonstrated.
PVM techniques are highly attractive as they can overcome
the limitation of electrical systems to generate multi-gigabit-
per-second multilevel signals in the millimeter-wave band.
Moreover, the possibility to develop integrated PVM architec-
tures employing photonic integration technologies makes them
very attractive in terms of size and power consumption. Finally,
the possibility of simultaneously delivering the baseband com-
ponents and the upconverted multilevel modulated RF carrier
to the access node allows fostering wireline/wireless infrastruc-
ture convergence, which is a key feature for the successful
deployment of truly broadband heterogeneous access networks.
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Abstract—Broadband access networks evolution towards
10-Gb/s user connectivity will foster the evolution of the photonic
and wireless technologiesneeded to implement multi-Gb/s wireless
links. Inparticular, provisionof dataratesinexcess of 1Gb/s using
wireless technologies is limited by currently available electrical
technologies due to the required bandwidths and frequencies of
operation in the millimeter-wave (mm-wave) band. Microwave
photonic techniques and technologies have shown a clear potential
to overcome these limitations. In this paper, the detailed study of
a photonic vector modulator (PVM) architecture and its perfor-
mance limitations are presented. The PVM architecture is based
on direct baseband modulation and dispersion induced quadra-
ture condition. The limitation of this architecture is the presence
of a local oscillator (LO) component in the generated mm-wave
spectrumwhich limitsthesystemdynamicrange.Toovercomethis
limitation, a third continuous-wave (CW) laser is used to remove
the unwanted LO component by properly adjusting its wavelength
and emitted power. After presenting the theoretical model, the LO
suppression feature is demonstrated experimentally by generating
a 1.25-Gb/s QPSK 41-GHz modulated carrier. The two options
(with and without LO carrier) are compared in terms of relevant
performance parameters.
Index Terms—Frequency conversion, hybrid ﬁber-wireless ac-
cess networks, microwave photonics, photonic vector modulators,
radio-on-ﬁber.
I. INTRODUCTION
B
ROADBAND access networks are evolving towards
10-G connectivity. The possibility of providing such
data rates wirelessly is highly interesting due to the faster and
cheaper deployment, quicker revenue, user ubiquity, or recon-
ﬁguration/ﬂexibility, features inherent to broadband wireless
access networks. In addition, redundancy/back-up solutions to
improve network performance under disaster or service disrup-
tion situations can be offered by providing a converged network
infrastructure at PHY level between wireline and wireless links
[1]–[4]. With the widespread adoption of ﬁber-to-the-home
(FTTH) access networks, wireless transmission of multi-Gb/s
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signals has raised a lot of research interest in order to provide
a solution to implement the wireless extension of FTTH net-
works, also known as ﬁber-to-the-air (FTTA). Radio-over-ﬁber
technologies [5] offer the required bandwidth and ﬂexibility
to implement these challenging communication systems, over-
coming the main limitations of purely electrical approaches
[2], [6], [7]. However, conventional methods based on direct
upconversion of the digital baseband signal [6]–[8] suffer from
huge bandwidth constraints, in particular when thinking on
realistic full-duplex deployments where the used bandwidth is
required in both downstream and upstream links. Therefore,
the use of more spectrally efﬁcient modulation formats such as
multilevel quadrature amplitude or phase modulation (MQAM
or MPSK, respectively) is of high interest to alleviate such
problems [9], [10]. Recently, several photonic vector modulator
(PVM)architectureswithlowhardwarerequirementshavebeen
proposed, both optical and electrical, showing the potential of
this approach to generate up to 3.6-Gb/s 16 QAM at 40-GHz
carriers [11]–[13].
In this paper, the detailed modeling of the PVM architecture
proposed in [11] is presented. This PVM architecture is based
on direct modulation and dispersion induced quadrature con-
dition. The limitation of this architecture is the presence of a
local oscillator (LO) component in the generated millimeter-
wave (mm-wave) spectrum which limits the system dynamic
range [12], [13]. To overcome this limitation, a third CW laser
is used to remove the unwanted LO component, by properly
adjusting its wavelength and emitted power [14]. The detailed
theoretical model of both PVM generation options (with and
without LO carrier) is presented in this paper, and their perfor-
mancesare compared in termsof relevantoperating parameters.
After presenting the theoretical model, the LO suppression fea-
ture is demonstrated experimentally by generating a 1.25-Gb/s
QPSK 41-GHz modulated carrier.
The paper is organized as follows. In Section II, the PVM
architecture and its modiﬁcation to remove the LO component
is described. In Section III, the corresponding mathematical
models are provided, deriving the photocurrent and noise
contributions of the PVM architectures required to obtain the
signal-to-noise-ratio (SNR). The optimum operating points of
thePVMsystemare obtainedfromtheequations.InSectionIV,
the experimental results demonstrating the LO component sup-
pression using a third laser are reported. A 1.25-Gb/s QPSK
41-GHz carrier with and without LO component are generated
using the proposed approach. Next, performance limitations
of the proposed PVM architecture are discussed after the ex-
perimental comparison between the original PVM architecture
with LO component [11] and without the LO component [14]
0733-8724/$25.00 © 2008 IEEE
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Fig. 1. Schematic of the proposed (a) PVM architecture [11] and (b) the re-
sulting RF spectrum.
in the generated modulated mm-wave carrier spectrum. Finally,
conclusions are provided in Section V.
II. PVM ARCHITECTURE DESCRIPTION
A. Architecture Description
Unlike other proposed PVM [9], [10] architectures involving
twoormoreelectroopticalmodulators,complicatedelectronics,
and hybrids at the carrier frequency, the PVM architecture pro-
posed utilizes two baseband modulated optical carriers, one
single electrooptical modulator, and a dispersive medium like
an optical ﬁber.
In this architecture, shown in Fig. 1, two optical carriers with
wavelengths and are directly modulated using two in-
dependent baseband data streams and , respectively.
The two optical carriers are combined, and an LO carrier at
mm-wave frequency modulates the two optical carriers using
a single Mach–Zehnder modulator (MZM) biased at its quadra-
ture bias point. Later, the two optical carriers are transmitted
through a dispersive element like an optical ﬁber prior to pho-
todetection. Due to the chromatic dispersion of the ﬁber, a dif-
ferential delay among the optical carriers is
introduced [11], which depends on the wavelength spacing
(nm), the ﬁber length (km), and the ﬁber dispersion param-
eter ps/km nm .A9 0 phase shift is induced between the
adjacent wavelengths by setting , where
is the period of the LO signal. At the PD output, two replicas of
the LO with differential phase shift of 90 are obtained.
One of the limitations of the above mentioned architecture
is the high LO component at the electrical spectrum output of
the photodiode as shown in Fig. 1(b). This feature limits the
system dynamic range thus reducing the wireless system max-
imum transmission range.
Fig. 2. Schematic of the PVM architecture with (a) LO suppression and (b) the
corresponding electrical spectrum.
B. LO Suppression
ThearchitectureproposedtosuppresstheunwantedLOcom-
ponent, shown in Fig. 2, is the same as the original architecture
but with an added third continuous wave laser emitting at wave-
length .Thethreeopticalcarriersareexternallymodulatedby
a mm-wave LO carrier and transmitted through an optical ﬁber
of length before photodetection.
As previously, a 90 phase shift is induced between the -
and -modulated LO components by setting the relative delay
due to the ﬁber’s chromatic dispersion between and as
, where is the time pe-
riod of the LO carrier. Other than the delay between the - and
-modulated LO components, there is a delay induced between
the -modulated optical carrier and the continuous-wave (CW)
optical carrier which results in the suppres-
sion of the unwanted LO component at the photodiode output.
The following section describes the conditions required by the
third laser to satisfy the conditions required for suppressing the
LO component.
III. THEORETICAL MODELING
In this section, the photo current, noise current, and the SNR
of the mm-wave signals generated using the analyzed PVM ar-
chitecture are derived.
A. Photocurrent
In the PVM system shown in Fig. 1(a), where two digital sig-
nals [non-return-to-zero (NRZ) bipolar signal, or
amperes with equal probability] are driving two lasers to two
different optical power levels above threshold and
which satisfy the relations
(1)
(2)
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where is the mean optical power at the output of any of the
two lasers and is the laser internal efﬁciency.
The dispersion of the ﬁber is modeled as
(3)
(4)
where is the group delay at the optical frequency , and
is related to the dispersion parameter of the ﬁber as
(5)
Then, according to[15], theLO component atthephotodiode
output will be
(6)
where is the zeroth-order Bessel functions of the ﬁrst kind,
and , with being the amplitude of the
LO tone at each MZM electrode and being the MZM half-
wave voltage, is the carrier angular frequency, is the
photodiode responsivity, are the optical losses from laser
output to photodiode input when the MZM is biased as its max-
imum transmissionpoint (the3-dBextralosses due totheMZM
quadrature bias are not considered in this parameter but in the
rest of the equation) and where the MZM model considers only
the sidebands at around each optical carrier neglecting the
dc terms. is the differential delay induced
in the optical carriers due to the ﬁber’s chromatic dispersion.
When the length of the ﬁber and the wavelength spacing are
chosen to fulﬁll the quadrature condition deﬁned as
(7)
Then the photocurrent is given as
(8)
Accordingto(8),thereisasmalldelayin withrespectto
which can be neglectedas long as is much greater than
the symbol rate. When the -branch optical carrier is delayed
by with respect to the -branch optical carrier, the
corresponding baseband signals are also delayed. For instance,
if 20 GHz and basebanddata rate is 1 Gb/s per branch(2
Gb/s totally), the delay is 12.5 ps while the symbol rate is 1000
ps. So a 1.25% differential time shifting is induced between the
and demodulated branch. This small relative delay between
digital and branches could be easily corrected, if needed,
by inserting a differential delay in the optical path between both
lasers and the combiner or by inserting a differential electrical
delay between the digital streams before driving the lasers.
As it happens in any analog optical link, the dispersion of the
optical link would induce the total suppression of the LO car-
rier after photo detection if double-sideband optical modulation
is used and the dispersion-induced phase shift between the op-
tical carrier and the modulated sideband is 180 . In our case,
when the quadrature condition from (7) is fulﬁlled the disper-
sive attenuation term is reduced to the expression
(9)
Thus, for the dispersive attenuation term to be signiﬁcant,
the optical carriers spacing should be lower than
the LO angular frequency which is not a possible situation as it
would imply that the modulation sidebands of both optical car-
riers would be interleaved in the frequency domain generating
undesired beat components at the photodiode output.
Taking into account both considerations, the ﬁnal expression
for the LO component at the photodiode output is
(10)
B. Noise and Signal-to-Noise Ratio
The dc component of the photodetected current can be ex-
pressed as
(11)
where is the ﬁrst-order Bessel functions of the ﬁrst kind.
The three most important noise sources at the photoreceiver
output will be the laser relative intensity noise (RIN), the pho-
todiode shot noise, and the thermal noise at the photodetector
output including the preampliﬁer contribution. The variance of
these three noise contributions in terms of detected current are
RIN
RIN (12)
(13)
(14)
where RIN is the RINparameter of both lasers, which is consid-
ered identical, is the electrical bandwidth of the data signal
aroundLO carrier, is theelectroncharge,
is the dark current of the photodiode, is the
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Boltzmann constant, is the absolute temperature of the pho-
todetector in Kelvin, is the load resistance at the photode-
tectoroutput,and isthenoise ﬁgureof thepreampliﬁer.From
the above noise components, the SNR of the PVM is expressed
as (15), shown at the bottom of the page, where is the
power of the signal generated around LO carrier at the photode-
tector output once the power corresponding to the LO tone has
been subtracted.
C. SNR of LO Suppressed PVM
The expression for the photocurrent corresponding to the
modiﬁed PVM architecture shown in Fig. 2(c) is as follows:
(16)
where is the optical power at the third laser output and
is the differential delay induced by the ﬁber’s
chromatic dispersion between the optical carriers and .
TosuppresstheundesiredhighLOcomponentatthephotode-
tector output, the following conditions need to be satisﬁed:
(17)
Substituting these results in (16), the resulting photocurrent is
(18)
where a pure QAM signal is obtained.
The noise contributions to the signal are the same as in the
previous case except the addition of another laser RIN source.
The dc current at the photodetector output is given as
(19)
Fig. 3. SNR versus photodiode input power plotted against various laser RIN
values. The ﬁlled blocks correspond to the QAM signal containing the LO peak
and the empty blocks correspond to the LO suppressed QAM.
The increment of dc current by a factor of 1.7 increases the
RINnoise by4.6 dB, and theshot noise by2.3 dB with noeffect
on the thermal noise contribution.
The effect of noise on the system performance can be anal-
ysed by calculating the photodiode input power tolerance. The
photodiode input power was varied by changing the , PVM
parameter and the SNR plotted for various laser RIN values as
shown in Fig. 3.
From Fig. 3, it can be observed that in a system with low
RIN noise, the SNR is higher for high photodiode input power,
but as the power impinging the photodiode reduces, the thermal
noise dominates and the SNR is reduced. However, in a RIN
dominant scenario the SNR remains constant for certain values
of input power, i.e., the SNR cannot be increased by increasing
the input power to the photodiode. It should be noted that the
input power to the photodiode in the LO suppressed PVM
is 3 dB lower because of an additional 3 dB coupler used to add
the third laser. This can be avoided by using a WDM coupler
instead of cascaded 3-dB couplers. In the expressions of SNR,
the 3-dB loss due to the extra coupler is neglected.
Also the performance of the system on the LO tone power is
evaluated by varying the parameter . Table I describes the
valuesofthevariousdeviceparametersconsidereditcalculating
the SNR.
(15)
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TABLE I
DEVICE PARAMETERS OF THE PHOTONIC VECTOR MODULATOR
Fig. 4. SNR versus ￿ plotted against various laser RIN values. The ﬁlled
blocks correspond to the QAM signal containing the LO peak and the empty
blocks correspond to the LO suppressed QAM.
Similarly, the SNR of the signal generated with a of 1.2
is calculated by varying the laser power and the data current
simultaneously. Both the parameters were varied simul-
taneously to simulate the laser available in the laboratory and
also to maintain near 100% optical modulation index.
From Fig. 4, it can be seen that the optimum SNR is obtained
by modulation with an LO tone resulting in a of 1.2. The
dependence of SNR on the laser power with near 100% mod-
ulation index can be seen in Fig. 5. In a lower laser RIN noise
scenario, the increase of the laser power increases the SNR con-
siderably, whereas in a RIN dominant case, the SNR of both
the QAM signals (with and without the LO peak) have the SNR
constant. In an RIN dominant case, the LO suppressed QAM
signal is expected to have 4.6 dB more noise power. This result
can be checked in Fig. 5 for a laser RIN noise of 110 dB/Hz,
the SNR between the two PVM options is around 4.6 dB.
The effect of the baseband data bandwidth on the SNR of
the QAM signal is plotted in Fig. 6. With increasing the band-
width, the RIN noise, the shot noise, and the thermal noise in-
crease according to (12) to (14). From the SNR results depicted
in Figs. 3–6 , it could be stated that the proposed PVM archi-
tecture in its two options is able to generate QPSK signals with
data rates up to 10 Gb/s (corresponding to baseband data band-
width around 5 GHz) with SNR from 35 to 50 dB if the proper
Fig. 5. SNR versus laser output power with near 100% modulation index. The
ﬁlled blocks correspond to the QAM signal containing the LO peak and the
empty blocks correspond to the LO suppressed QAM.
Fig. 6. SNR versus the baseband data modulation bandwidth plotted against
different laser RIN levels. The ﬁlled blocks correspond to the QAM signal con-
taining the LO peak and the empty blocks correspond to the LO suppressed
QAM.
componentsandparametersareselected.TheseSNRvaluescor-
respond to practically error-free QPSK signals.
IV. EXPERIMENTAL RESULTS
A. Experimental Setup
Two DFB semiconductor lasers (wavelength,
1550.12 nm, 1549.02 nm) of 1-GHz modulation band-
width were directly current modulated with 625-Mb/s data
for generating a 1.25-Gb/s QPSK signal at a LO frequency of
41 GHz. Two independent data streams from a PRBS were
ampliﬁed to 2.5 V and directly modulated on the two DFB
lasers. Due to the circuitry of the DFB lasers, the bias current
of the lasers was dependent on the modulating current, and
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Fig. 7. (a) Experimental setup of the PVM architecture, and (b) the PVM experimental setup for generating LO suppressed RF signals.
at 2.5 V , the two DFB lasers were emitting 6 dBm of
power. The two optical signals were polarization controlled and
combined using an optical 3 dB coupler. The corresponding
optical signal was externally modulated with a 41-GHz LO
tone ampliﬁed to 13 dBm using a 50-GHz MZM biased at its
quadrature bias point.
Forgeneratingthe90 phaseshiftbetweentheLOcomponents
on the two optical carriers, the combined optical signals were
transmitted through a single mode ﬁber 16.5 ps-nm/km
of length 340 m and photodetected using a 45 GHz photo-
diodewitharesponsivityof0.65W/A.ThePVMgeneratedQPSK
signalsweredemodulatedusingasimpleelectricalreceiver.The
generatedRFsignalwasampliﬁedto 10dBmandmixed(mixer
with conversion loss of 6 dB) with a 13 dBm phase corrected
LO component. By changing the phase of the LO using an elec-
tricaldelayline,the and componentsweredemodulated.An
electricallowpassﬁlterwithacutofffrequencyof1.87GHz(due
tothelackoflow-passﬁltersatbasebandfrequency)wasusedto
downconvert the demodulated and components. The base-
band demodulated and were analysed using a DCA and the
factors were measured.
Similarly for generating the LO suppressed QPSK, a third
continuous-wave DFB laser at wavelength 1547.37 nm was
added to the original setup using a cluster of optical 3-dB cou-
plers as shown in Fig. 7(b). At the receiver, a second electrical
ampliﬁer is used to amplify the signal sufﬁciently prior to
mixing for demodulation.
B. Results Analysis: Performance Comparison
To validate the theory mentioned in the previous section, the
experimentswereperformedtoanalyzethesystemperformance
limitations. Two main parameters were considered in analyzing
the limitations of the system performance. One the baseband
datacurrent(variedbysimultaneouslychangingthelaseroutput
power), and the LO power to the MZM. From (11), it can be
observed that the data current and the LO (through )
powertotheMZMdeterminethedatapoweroftheQAMsignal.
Thus, it is important to know to what limits these powers can
reach without inducing any degradations to the system perfor-
mance.
Byvaryingthe and datapower,theopticalpowerwasalso
varying because of the lasers internal bias circuitry. By doing so
atdifferentdatapowerlevelstheopticalpowerwaschangedcor-
responding to a near 100% optical modulation index. While an-
alyzing the effect of the data power on the system performance,
the LO power was maintained at 13 dBm. The laser power
was varied from 1t o 11 dBm. Fig. 8 contains the results ob-
tained. The factor of the demodulated signals was measured
using a digital communication analyzer.
As shown in Fig. 8, the factor of the demodulated and
data streams at low laser output power is very poor because of
the poor SNR of the generated RF signal. But at higher modu-
lating data current and laser output power, the factor is seen
degraded even though the transmitted signal shows to have a
higherSNRaccordingtoFig.5.Thisdegradationinthe factor
is due to the distortion induced in the laser due to high data
current, which can be seen in the eye diagram in Fig. 8 inset.
The best available factors for both the PVM architectures
was obtained at a laser output power of 6 dBm when driven
with data of 2.5 V . Fig. 9 shows the eye diagrams of the
demodulated and signals of the RF signal generated with
the LO suppressed PVM. The factors were measured as 7.8
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Fig. 8. Measured ￿ factor plotted against the laser output power with near
100% modulation index.
Fig. 9. ￿ and ￿ eye diagrams for the LO-suppressed PVM architecture.
,8 for the PVM architecture, and 7.7 , 7.3 for
LO-suppressed PVM architecture corresponding to estimated
bit-error-rate (BER) values of for the
PVM architecture and , for LO-sup-
pressed PVM architecture.
TheeffectofLOpowertotheMZMonthedemodulated and
datastreamsisalsoexperimentallyveriﬁedbyvaryingtheLO
power and measuring the factors of the demodulated signals.
For doing so the directly modulated lasers were driven for op-
timum performance using the operating points derived from the
calculations plotted in Fig. 4.
From Fig. 10, it can be noted that at lower LO power the
generated signal has a poor SNR, but the optimum factor was
obtained at an LO power of 10 dBm which corresponds to
of 1.05 with an MZM of 6 V. Due to the lack of availability
of a power ampliﬁer able to generate high power, the LO could
be tuned only up to 14 dBm.
V. CONCLUSION
In this paper, the performance analysis of a photonic vector
modulator architecture for generating high capacity multilevel
mm-wave wireless carriers is presented. The PVM technique
originally reported in [11] was modiﬁed by introducing a third
CW laser in order to suppress the LO peak completely. LO
component suppression is achieved by adjusting the third laser
driving conditions.
The two conﬁgurations’ theoretical model has been obtained
and the inﬂuence of the PVM system parameters on the quality
of the QAM generated signal has been analyzed in terms of the
Fig. 10. Measured ￿ factor plotted against the LO power.
signal-to-noise ratio of the generated signal. The simulation re-
sults show that very good quality QAM signals with SNR better
than 35 dB can be generated with a proper selection of system
parameters.
ThemaximumtheoreticaldifferenceinSNRbetweenthetwo
techniques is 4.6 dB in an RIN dominant scenario which is
the typical case. The experimental results show that very good
quality QAM signal are obtained in both cases with BER values
estimated to be below when electrical demodulation is
used to receive the QAM signals generated with the proposed
PVM architecture. Even though the modiﬁed PVM option is
more noisy that the original PVM architecture, it is important
to state that it generates a QAM signal more adequate to current
digitalwirelesssystemsincreasingatthesametimethedynamic
rangeofalltheelectricalcomponentsbetweenthephotodetector
output and the transmitter antenna.
The feasibility of pure QAM/QPSK 1.25-Gb/s mm-wave
mm-wave carriers has been demonstrated. Photonic genera-
tion of multilevel modulated mm-wave carriers can overcome
several limitations of purely electrical systems in terms of
bandwidth and ﬂexibility, thanks to the inherent advantages
of photonic components and optical ﬁbers, being a candidate
to implement infrastructures for the wireless extension of
broadband wireline access networks (e.g., FTTH) with 10-Gb/s
capacity.
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A photonic vector modulator architecture for generating pure quadrature amplitude modulation (QAM) sig-
nals is presented. An electrical quadrature-modulated signal at microwave-millimeter-wave frequencies is
generated from its corresponding baseband in-phase I and quadrature Q components. In the proposed
scheme, no electrical devices apart from the electrical tone oscillator are needed in the generation process. In
addition, the purity of the generated signal is increased, and the hardware requirements are reduced when
compared with previously proposed architectures so a highly compact low-cost architecture can be imple-
mented. A pure 1.25Gbit/s 4-QAM signal has been experimentally generated at a 42GHz carrier frequency.
© 2008 Optical Society of America
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The data rates required by broadband wireless sys-
tems are increasing, mainly owing to the need of
high-performance voice, video, image, and data com-
munications. This increment in data rates is pushing
the development of solutions for wireless transmis-
sion of Gbit/s data rates, mainly in the millimeter-
wave frequency band. Millimeter-wave photonic sys-
tems have been intensively investigated as a solution
that can overcome the current limitations of purely
electrical architectures, owing to the inherent ben-
eﬁts of photonic components and optical ﬁbers, such
as huge bandwidth, scalability employing wave-
length multiplexing techniques, compactness, or low
transmission loss.
In recent years, the wireless transmission of data
rates beyond 1 Gbit/s has been demonstrated [1,2]a t
millimeter-wave frequencies by employing both pho-
tonic techniques and advanced electrical circuitry.
These transmissions have been realized by simply
upconverting the baseband digital signal up to the
desired frequency, which requires a huge electrical
bandwidth in the wireless link. Then, an alternative
solution is to reduce the utilized bandwidth by em-
ploying more efﬁcient electrical modulation tech-
niques such as quadrature amplitude modulation
(QAM), as it is common in any actual digital wireless
system. Photonic vector modulation (PVM) schemes
have been presented to generate QAM signals by
photonic processing [3,4]. However, these PVM
schemes use complex electrical control circuits to
translate binary data information into optical modu-
lated signals, and the demonstrated bit rate is lim-
ited to 1 Mbit/s.
Recently, we have proposed new PVM architec-
tures with low hardware requirements, both optical
and electrical [5–7]. With these PVM architectures,
electrical quadrature amplitude modulations from
4-QAM up to 16-QAM and 3.6 Gbit/s data rate have
been experimentally demonstrated. However, these
interesting PVM schemes show an important system
limitation: The generated electrical QAM signal at
the photodiode output includes a high level of electri-
cal carrier, when a real QAM signal would have no
electrical carrier component at all. This undesired
electrical carrier level will reduce the maximum
available signal power at the output of any power
ampliﬁer, reducing at the same time the coverage
area of our wireless system.
In this Letter, a modiﬁed PVM scheme is presented
that generates a pure QAM signal without any un-
desired electrical carrier component, keeping the low
hardware complexity of the original scheme.
A schematic of the proposed PVM architecture is
depicted in Fig. 1. Two semiconductor lasers, emit-
ting at wavelengths 1 and 2, and linearly biased,
are directly modulated by two baseband digital sig-
nals corresponding to the modulating xIt and xQt
driving currents. A third cw laser has been added to
the previously proposed PVM scheme [5]. All three
optical signals are combined and externally modu-
lated by an electrical local oscillator (LO) frequency
tone in an external quadrature-biased Mach–
Zehnder modulator (MZM). Then, the signals are
transmitted over a standard single-mode ﬁber
(SSMF) optical link, whose length and dispersion are
Fig. 1. PVM architecture for pure electrical QAM genera-
tion. Abbreviations are deﬁned in text.
1294 OPTICS LETTERS / Vol. 33, No. 12 / June 15, 2008
0146-9592/08/121294-3/$15.00 © 2008 Optical Society of AmericaL m and D ps/kmnm respectively, and photode-
tected.
The ﬁber’s chromatic dispersion induces a delay
between both I- and Q-modulated optical signals
equal to 21=DL21, where 21=2−1. This de-
lay can be tuned by changing the ﬁber length L or the
wavelength spacing 21 in order to obtain a delay of
a quarter of the electrical LO tone period (named
quadrature condition), which corresponds with a dif-
ferential phase of /2 radians between the I- and
Q-LO components. At the same time, a differential
delay, 31=DL3−1, is induced between the un-
modulated carrier 3 and the I-modulated optical car-
rier 1. The LO component of the photocurrent for
quadrature condition is given by
ipd-LOt
R
Lopt
2J1mLOJ0mLOP3 cosLOt
−
31
21

2 + P2 cosLOt −

4
+ xItcosLOt
+ xQtcosLOt −

2	
, 1
where LO is the LO angular frequency; R is the pho-
todiode responsivity; Lopt are the optical losses from
laser output to photodiode input; P is the mean opti-
cal power emitted by each of the optical sources 1
and 2; P3 is the optical power emitted by the optical
source 3;  is the slope efﬁciency of the laser diodes
in W/A; J0 and J1 are the zeroth and ﬁrst order
Bessel functions of the ﬁrst kind, respectively; and
mLO=VLO/V, with VLO being the amplitude of the
LO tone and V being the MZM half-wave voltage.
From Eq. (1) it can be observed that data signals
are quadrature modulated over the LO carrier, since
a /2 radians phase difference in the cosine argu-
ment is induced by the ﬁber chromatic dispersion.
Moreover, if the wavelength of the third laser is se-
lected to fulﬁll the ratio 31=2.521 and its power
to be P3=P1/2, then the two ﬁrst terms of Eq. (1) will
cancel each other, and a pure QAM signal at LO will
be obtained at the photodiode output.
The PVM scheme shown in Fig. 1 was employed to
validate the proposed approach. A set of three
distributed-feedback lasers (wavelengths 1
=1550.92 nm, 2=1549.026 nm, and 3
=1547.356 nm) with 1 GHz analog modulation band-
width were used in order to generate a 1.25 Gbit/s
4-QAM signal at the LO frequency of 42 GHz. Only
two lasers 1,2 were directly modulated by two
0.625 Gbit/s nonreturn to zero signals with 2 V am-
plitude peak to peak. In all cases, the optical signals
from the lasers were polarization controlled and com-
bined in a coupling matrix composed by two cascaded
3 dB optical couplers. The corresponding optical sig-
nals were modulated by a +15 dBm LO tone at
42 GHz in a 50 GHz bandwidth MZM biased at the
quadrature point. After the external modulation pro-
cess, the optical signals are transmitted over a 340 m
SSMF coil D=16.5 ps/kmnm in order to accom-
plish the quadrature condition 21=1/fLO*4.
The electrical spectrum of the generated signals,
measured with an electrical spectrum analyzer, is
shown in Fig. 2 for the cases in which the unmodu-
lated laser is on [Fig. 2(a)] or off [Fig 2(b)]. When the
cw laser is off, the undesired LO carrier level can be
clearly observed [Fig. 2(a)]. On the other hand, when
the cw laser was set active with an optical power
level and wavelength according to previously stated
calculations, the undesired LO component is totally
suppressed with a suppression ratio higher than
30 dB, as observed in Fig. 2(b).
To measure the quality of the optically generated
QAM signal, it was downconverted to baseband by
mixing it in an electrical mixer with a phase-adjusted
replica of the LO tone used in the generation process
as it is depicted in Fig. 3. By means of an electrical
delay line (EDL), the electrical phase of the LO rep-
lica may be adjusted in order to independently down-
convert the I and Q digital signals in what would con-
ﬁrm the fulﬁllment of the quadrature condition. The
eye diagrams for these demodulated baseband digital
signals were measured using a digital communica-
tions analyzer (DCA).
Fig. 2. Electrical spectrum at the photodiode output in the
PVM scheme from Fig. 1 when the optical source 3 is (a)
off and (b) on, corresponding to a 1.25 Gb/s 4-QAM signal
at a 42 GHz electrical carrier.
June 15, 2008 / Vol. 33, No. 12 / OPTICS LETTERS 1295The measured eye diagrams are shown in Fig. 4
where a full open eye can be clearly identiﬁed for
both I and Q digital streams. The Q factors of the sig-
nals measured by the DCA were Q=8.5 and Q=7.7,
which correspond to bit-error-rate (BER) values
equal to 9e-18 and 7e-15, respectively. These excel-
lent BER values prove that the proposed PVM archi-
tecture is able to generate a high-quality QAM signal
that after electrical demodulation offers a practically
error free back-to-back transmission.
In this work, a photonic vector modulator architec-
ture for generating pure electrical QAM signals has
been shown. This architecture offers a low optical
hardware complexity combined with no additional
electrical components but the local oscillator to gen-
erate the electrical carrier and the digital streams
corresponding to the in-phase and quadrature compo-
nents. The proposed PVM scheme is a modiﬁcation of
PVM architectures previously proposed by the au-
thors where an additional cw laser has been added in
order to generate a pure QAM signal, keeping at the
same time the good performance of the previous PVM
architecture. Even though the insertion of an extra
laser would increase the total laser noise of the sys-
tem, the quality of the generated QAM signal at the
photodetector output has not been affected, as the
practically error-free measurements results have
shown in a back-to-back 1.25 Gbit/s transmission at
42 GHz with photonic generation and electrical de-
tection. The quadrature condition of the photonically
generated QAM signal has been checked by indepen-
dently selecting any of the two digital streams (I and
Q) just by acting on the electrical phase of the local
oscillator used in the electrical receiver.
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Abstract  — A novel photonic vector modulator architecture for 
generating pure quadrature amplitude modulation (QAM) 
signals is presented. No electrical devices apart from the local 
oscillator are needed in the generation process. Both binary and 
multilevel digital signals can be used to generate quadrature 
phase shift keying (QPSK) or multilevel QAM (M-QAM) digital 
modulations at any carrier frequency. A pure 2.5Gb/s 16-QAM 
signal has been experimentally generated at a 42 GHz carrier 
frequency. 
Index Terms —Optical modulation, Optical signal processing, 
Quadrature amplitude modulation, Radio communication,. 
I. INTRODUCTION 
The data rates required by broadband wireless systems are 
increasing, mainly due to the need of high performance voice, 
video, image and data communications. This increment in data 
rates is pushing the development of solutions for wireless 
transmission of Gb/s data rates, mainly in the millimeter wave 
frequency band. Millimeter wave photonic systems have been 
intensively investigated as a solution that can overcome the 
current limitations of purely electrical architectures, due to the 
inherent benefits of photonic components and optical fibers, 
such as huge bandwidth, scalability employing wavelength 
multiplexing techniques, compactness, or low transmission 
loss. 
In recent years, the wireless transmission of data rates 
beyond 1 Gb/s has been demonstrated [1,2] at millimeter wave 
frequencies by employing both photonic techniques and 
advanced electrical circuitry. These transmissions have been 
realized by simply up-converting the base band digital signal 
up to the desired frequency which requires a huge electrical 
bandwidth in the wireless link. Then, an alternative solution is 
to reduce the utilized bandwidth by employing more efficient 
electrical modulation techniques such as quadrature amplitude 
modulation (QAM) as it is common in any actual digital 
wireless system. Photonic vector modulation (PVM) schemes 
have been presented to generate QAM signals by photonic 
processing [3,4]. However, these PVM schemes use complex 
electrical control circuit to translate binary data information 
into optical modulated signals and the demonstrated bit rate 
was limited to 1 Mb/s. 
Recently, we have proposed new PVM architectures with 
low hardware, both optical and electrical, requirements [5-7]. 
With these PVM architectures, electrical quadrature amplitude 
modulations from 4-QAM up to 16-QAM and 3.6 Gb/s data 
rate has been experimentally demonstrated. However, these 
interesting PVM schemes show an important system 
limitation, the electrical QAM generated signal at the 
photodiode output includes a high level of electrical carrier 
when a real QAM signal would have no electrical carrier 
component at all. This undesired electrical carrier level will 
reduce the available electrical signal power level at the output 
of any power amplifier stage, reducing at the same time the 
coverage area of our wireless system. 
In this paper, a modified PVM scheme is presented which 
generates a pure QAM signal without any undesired electrical 
carrier component and keeping the low hardware complexity 
of the original PVM scheme. Besides, this new PVM scheme 
is able to generate any M-QAM digital modulation without 
any modification in the PVM configuration, thus, being able 
to accommodate both binary and multilevel digital signals as 
electrical inputs to the photonic vector modulation process. 
II. PHOTONIC VECTOR MODULATOR ARCHITECTURE 
DESCRIPTION 
A schematic of the proposed PVM architecture is depicted 
in Fig. 1. Two semiconductor lasers, emitting at wavelengths 
λ1 and λ2, and linearly biased are directly modulated by two 
base band digital signals corresponding to the modulating xI(t) 
and  xQ(t) driving currents. In order to generate a 4-QAM 
digital modulation both xI(t) and xQ(t) would correspond to 
binary digital signals. However, if a 16-QAM modulation is 
desired both xI(t) and xQ(t) will correspond to 4-level digital 
streams. A third continuous wave (CW) laser has been added 
to the previously proposed PVM scheme [5]. 
All three optical signals are combined and externally 
modulated by an electrical local oscillator (LO) frequency 
tone in an external quadrature biased Mach-Zehnder 
modulator (MZM). Then, the signals are transmitted over a 
standard single-mode fiber (SSMF) optical link, whose length 
and dispersion are L (m) and D (ps/km⋅nm) respectively, and 
finally photodetected. 
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Fig.  1.  Photonic Vector Modulator architecture for pure QAM 
generation. 
 
The optical fiber chromatic dispersion induces a delay 
between both I- and Q-modulated optical signals equal to 
∆τ21 = D⋅L⋅∆λ21, where ∆λ21 = λ2-λ1. This delay can be tuned 
by changing the fiber length or the wavelength spacing ∆λ21 in 
order to obtain a delay of a quarter of the electrical LO tone 
period (named quadrature condition), which corresponds with 
a differential phase of π/2 radians between the I- and Q-LO 
components. At the same time, a differential delay 
∆τ31 = D⋅L⋅(λ3-λ1), is induced between the unmodulated carrier 
λ3 and the I-modulated optical carrier λ1. When all these 
conditions are fulfilled, the LO component of the detected 
photocurrent would be: 
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.(1) 
where ωLO is the LO angular frequency, ℜ is the photodiode 
responsivity in A/W, Lo are the optical losses from any laser 
output to the photodiode input, P is the mean optical power 
emitted by each of the optical sources λ1 and λ2, P3 is the 
optical power emitted by the optical source λ3, η is the slope 
efficiency of the laser diodes in W/A, J0 and J1 are the zero-th 
and first order Bessel functions of the first kind, respectively, 
and  mLO = πVLO/Vπ,  VLO being the amplitude of the local 
oscillator tone and Vπ being the MZM half-wave voltage. 
From (1) it can be observed that data signals are quadrature 
modulated over the LO carrier since a π/2 radians phase 
difference in the cosine argument is induced by the fiber 
chromatic dispersion. Moreover, if the wavelength of the third 
laser is selected to fulfill the ratio ∆τ31 = 2.5 ∆τ21 and its 
power to be P3=P⋅(2)
1/2 then the two first terms of (1) will 
cancel each other and a pure QAM signal at ωLO will be 
obtained at the photodiode output. 
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Fig. 2. Electrical spectrum at the photodiode output in the PVM 
scheme from Fig. 1 when the optical source λ3 is OFF (above) and 
ON (below) corresponding to a 2.5 Gb/s 16-QAM signal at 42 GHz 
electrical carrier. 
III. EXPERIMENTAL RESULTS 
The PVM scheme shown in Fig. 1 was employed to validate 
the proposed approach. A set of three DFB lasers 
(wavelengths,  λ1 = 1550.92 nm,  λ2 = 1549.026 nm  and 
λ2 = 1547.356 nm) with 1 GHz analog modulation bandwidth 
were used in order to generate a 2.5 Gb/s 16-QAM signal at a 
LO frequency equal to 42 GHz. Two 625  Mbaud NRZ 
(non-return-to-zero) digital streams with four amplitude level 
each were generated by means of an arbitrary waveform 
generator (AWG). Only two lasers (λ1,  λ2) were directly 
modulated by the 1.25 Gb/s 4-levels digital signals with 2 V 
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amplitude peak to peak. In all cases, the optical signals were 
polarization controlled and combined in a coupling matrix 
composed by two cascaded 3 dB optical couplers. All three 
optical signals were externally modulated by a +15 dBm LO 
tone at 42 GHz in a 50 GHz bandwidth MZM biased at the 
quadrature point. After the external modulation process, the 
optical signals are transmitted over a 340 meters of SSMF 
(D=16.5 ps/km⋅nm) in order to fulfill the dispersion induced 
phase conditions defined in Section II and photodetected. 
The electrical spectra of the generated signals, measured 
with an electrical spectrum analyzer are shown in Fig. 2 for 
the cases in which the unmodulated laser is ON (right) or OFF 
(left). When the CW laser is OFF, the undesired LO carrier 
level can be clearly observed (Fig. 2 left). On the other hand, 
when the third laser was set active with an optical power level 
and wavelength according to Section II calculations, the 
undesired LO component is totally suppressed with a 
suppression ratio higher than 40 dB, as can be seen in Fig. 2 
by comparing both spectra. 
In order to measure the quality of the optically generated 
QAM signal, it was down converted to base band by mixing it 
in an electrical mixer with a phase adjusted replica of the LO 
tone used in the generation process as it is depicted in Fig. 3. 
The eye-diagrams for these demodulated baseband digital 
signals were measured using a digital communications 
analyzer (DCA). By changing the electrical phase of the LO 
replica, both I and Q digital signals were independently down 
converted confirming that the quadrature condition was 
obtained. 
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Fig. 3. Measurement setup to electrically analyze the quality of the 
QAM modulation generated by the PVM. 
 
The measured eye diagrams are shown in Fig. 4 where the 
three eyes corresponding to the 4 amplitude levels of the 
digital signals are clearly identified. The relatively noisy eye 
diagrams form Fig. 4 are affected by the electrical components 
used to down convert the optically generated QAM signal to 
be measured by the DCA where no external electrical filter 
were used to reduce the electrical noise entering the 
equipment. Thus, the actual quality of the generated QAM 
signal is better than this value. 
 
 
 
 
 
Fig. 4. Eye diagrams for the 1.25 Gb/s data signals corresponding to 
the electrically demodulated in phase (above) and quadrature (below) 
components of the 2.5 Gb/s 16-QAM signal generated at 42 GHz 
with the PVM shown in Fig. 1. 
 
From the eye diagrams shown in Fig. 4, the signal 
constellation has been extracted by sampling at the center of 
the symbol period. The signal constellation is shown in Fig. 5 
were the 16 symbols of the 16-QAM are clearly identified. 
From this constellation the EVM (Error Vector Magnitude) 
has been calculated and a value of -17.05 dB has been 
obtained. The constellation points from Fig. 5 are not equally 
spaced due to some compression at the driving conditions of 
the modulated lasers. This situation could be solved if more 
linear driver amplifiera and lasers with a broader modulation 
range were available for the measurements. 
In order to check the influence of the insertion of the CW 
laser in the PVM scheme from Fig. 1 the same measurements 
were carried out in the configuration with only two lasers 
active. In this case the EVM was reduced to -17.85 dB which 
implies an increment in SNR (signal-to-noise ratio) of 0.8 dB. 
Thus, a 0.8 dB penalty in SNR is induced by the insertion of 
an unmodulated laser to eliminate the undesired LO carrier 
leakage at the PVM output. 
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Fig. 5. 16-QAM signal constellation extracted from the electrically 
detected digital signals of the 2.5 Gb/s 16-QAM signal optically 
generated at 42 GHz with the PVM shown in Fig. 1. 
IV. REMARKS AND CONCLUSION 
In this work, a new photonic vector modulator architecture 
has been shown. This architecture offers a low optical 
hardware complexity combined with no additional electrical 
components but the local oscillator to generate the electrical 
carrier and the digital streams corresponding to the in-phase 
and quadrature components. 
The proposed PVM scheme is a modification of PVM 
architectures previously proposed by the authors with the 
addition of an additional CW laser in order to generate a pure 
QAM signal, keeping at the same time the good performance 
of the previous PVM architecture. At the same time, it has 
been proved that this PVM scheme is able to generate M-
QAM modulation by driving the laser with multilevel digital 
streams. The additional laser noise due to the additional laser 
is translated to an 0.8 dB penalty in the signal-to-noise ratio at 
the PVM output. Using this novel PVM technique, the 
generation of multi-Gb/s multilevel quadrature amplitude 
modulations (M-QAM) at mm-wave carriers is feasible. As a 
proof of concept a pure 2.5 Gb/s 16-QAM signal at 42 GHz 
carrier has been experimentally generated. 
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Abstract The experimental generation of a 3.6Gb/s-16QAM 39GHz carrier employing Photonic Vector Modulation 
is reported for the first time. The quadrature condition is introduced using an optical delay line. EVM is estimated 
from measured eye-diagrams. 
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The increas
reless access networks is pushing the development 
of solutions for wireless transmission of Gb/s data 
rates, mainly in the mm-wave frequency band. 
Millimeter wave photonic systems have been 
intensively investigated as a solution that can 
overcome the current limitations of purely electrical 
architectures, due to the inherent benefits of photonic 
components and optical fibres, such as huge 
bandwidth, scalability employing wavelength 
multiplexing techniques, compactness, or low 
transmission loss [1-5].  Due to the high data rates 
envisaged, techniques to reduce the occupied   
spectrum are desireble, for instance using multi-level 
modulation formats [6-8]. 
Photonic vector modulatio
ta is one of the most promising techniques as 
allows the generation of the multi-level signals directly 
at the mm-wave carrier frequency and the remote 
delivery of the modulated carrier and baseband  data. 
The generation of 3 Gb/s QPSK and 8QAM signals at 
39 GHz has been previously demonstrated using 
PVM [9, 10].  
In this paper 
b/s 16 level quadrature amplitude modulated 39 
GHz mm-wave carrier employing directly modulated 
lasers (data) and external modulators (mm-wave 
carrier). The quadrature condition between the 
inphase and the quadradure components of 
baseband data is achieved using an tunable optical 
delay line (ODL), with the advantage of fiber 
transmission induced delay compensation. Error 
vector magnitude (EVM) of the 16 QAM signal is 
estimated using the statistical data of the 
demodulated signals.  
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Four different baseband data (I1, I2, Q1, Q2) str
re used to directly modulate four lasers of different 
wavelengths. Different wavelengths are chosen to 
avoid coherent phase noise after photo detection. I1 
and I2 are combined resulting in a four level baseband 
ASK signal, where I2 is attenuated by 3 dB. Similarly 
Q1 and Q2 are combined. The outputs of the two 3 dB 
(Q) 4 ASK signals as shown in figure 1.  
 
Figure 1: The schematic of the 16QAM PVM system. 
The RF carrier is modulated on the I and Q 
 
our DFB lasers of 1 GHz 3dB bandwidth are used to 
nces of 900 Mb/s each. 
components using two Mach-Zehnder modulators
(MZM) biased at the quadrature point.  Then a 
tunable electrical delay line (EDL) is used to induce a 
90º phase shift between the I and Q components by 
setting ∆t = fLO/4, where fLO is the carrier frequency. 
 
Mesurements Description 
F
modulate four PRBS seque
The four lasers denoted by I1, I2, Q1 and Q2 are lasing 
at 1551.53 nm, 1549.32 nm, 1550.1 nm and 1547.23 
nm, respectively.  Low pass filters with a cut-off 
frequency of 1.65 GHz were used to filter noise 
before direct modulation of lasers. Laser I1 and I2 are 
mixed using a 3-dB coupler, and electrical delay line 
was used in one of the arms to synchronise the 
pulses. The same procedure was used for the Q1 and 
Q2 components.  
 
            (a)                                      (b) 
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Figure 2: Spectrum of 16QAM sign
Spectrum (b) 
 Two MZM were used to modulate the 39 GHz carrier. 
he carrier was amplified to +15 dBm before 
nal was demodulated by mixing with the 
ame LO carrier amplified to +7 dBm. Another EDL 
T
modulation. The Q component was delayed by 1/4fLO 
using an EDL, where fLO is the local oscillator 
frequency, to induce a 90º phase shift between the I 
and Q components, which were next added using 
another 3-dB coupler resulting in 3.6 Gb/s 16 QAM at 
39 GHz after photodetection.  Figure 2 shows the 
optical spectrum and the electrical spectrum of the 16 
QAM signal. 
 
The QAM sig
s
was used with the LO before mixing, to synchronise 
and induce the 90º phase shift for detecting the I and 
the Q components. A baseband amplifier and a low 
pass filter with cut-off frequency of 1 GHz were used 
before estimating the EVM.  Figure 3 shows the 
downconverted signals.  
                 
 
Figure 3: Eye diagrams for 4ASK back to back 
quadrature (a), inphase (b), demodulated quadrature
he four electrical baseband data were amplified to 
, and used to directly modulate the lasers.  
 
(c), inphase (d).  
 
Results 
T
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To determine the quality of the signal EVM is 
measured by measuring the mean (µ), and standard 
deviation (σ) from the eye diagram. The 
downconverted I and Q components eye diagrams 
were captured using an oscilloscope, and the 
histogram of each level was plotted and the µ and σ 
were extracted. These values were later used to 
generate a Gaussian distribution, and calculate the 
EVM as 
∑
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amples captured by the oscilloscope. The 
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constellation diagram of the downconverted 16QAM 
signal is shown in Figure 4. The EVM of the 16 QAM 
signal was calculated as -18.33 dB, using 1200 
samples of the scope.  It can be seen that the I 
component is more degraded than the Q component; 
this is because of lack of availability of an appropriate 
EDL to synchronise the bits of the multilevel signal. 
Another issue is the interference of higher order 
sidebands of lasers I2 (1549.32) and Q1 (1550.1).  
 
 
 
gure 4: Constellation of the 16QAM signal. 
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The generation of 3.
employing a PVM technique is demonstrated for the 
first time to the authors knowledge. The PVM 
arrangement is based in direct modulation of the I and 
Q components and external modulation of the mm-
wave carrier. Hardware limitations impaired the 
generated signal quality but can easily overcome, e.g. 
by using bandwidth matched filters and additional 
EDL. Finally, although not shown in this paper, this 
scheme is suitable for remote antenna applications by 
using dispersion management in the fibre span by 
tuning the ODL shown in Fig. 1, as reported [11]. 
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A novel photonic-vector modulator architecture for the generation of 16 quadrature amplitude modulation
(16 QAM) millimeter-wave carriers using dual-drive Mach–Zehnder modulators is proposed. Experimental
generation of 5 Gbits/s 4 amplitude shift-keying (4 ASK) and 10 Gbits/s 16 QAM modulated 42 GHz car-
riers is reported. The multilevel modulated millimeter-wave signals are demodulated using an electrical re-
ceiver and its error-vector magnitude (EVM) estimated from the measurements, obtaining EVMs of −21.04
and −18.33 dB for 4 ASK and 16 QAM modulation formats, respectively. © 2008 Optical Society of America
OCIS codes: 060.5616, 060.4088.
Wireless transmission of multigigabits per second
signals has gathered much research effort lately
[1–3]. The potential of radio-over-ﬁber technologies
[4,5] to satisfy the stringent bandwidth and ﬂexibility
requirements imposed by these challenging commu-
nication systems, overcoming the main limitations of
purely electrical approaches, has been reported in the
literature [6,7]. However, conventional methods
based on direct upconversion of the digital baseband
signal [1–3] suffer from huge bandwidth constraints,
in particular when thinking of realistic full-duplex
deployments, where the used bandwidth is required
in both downstream and upstream links. Therefore,
the use of more spectrally efﬁcient modulation for-
mats such as multilevel quadrature amplitude or
multilevel phase-shift keying is of high interest to al-
leviate such problems [6,7]. Recently, we proposed
several photonic-vector modulation (PVM) architec-
tures with low hardware requirements, both optical
and electrical, showing the potential of this approach
to generate up to 3.6 Gbits/s 16 QAM 40 GHz carri-
ers [8–10].
In this Letter we propose a novel PVM technique
employing a single cw laser source, dual-drive Mach–
Zehnder modulators (DD-MZMs) combined with a
balanced photodetector (BPD) for generating 16 QAM
modulated millimeter-wave signals. One of the main
advantages of this architecture compared to the pre-
viously proposed one for 16 QAM signal generation
[9] is that it contains only one optical source, which
reduces the total laser relative intensity noise (RIN)
contribution to the signal and thus increases the
signal-to-noise ratio (SNR). The multilevel signals
are generated using the DD-MZMs and not using
direct current modulation of the lasers as in [9],
which have a lower extinction ratio compared to
Mach–Zehnder (MZ) modulators. The quadrature
condition is achieved using an optical delay line as
proposed in [8]. The generation of a 10 Gbits/s 16
QAM 42 GHz carrier is reported.
In this PVM scheme, a single cw optical source is
modulated with a millimeter-wave carrier using a
Mach–Zehnder modulator (MZM) biased at the
quadrature bias (QB) point. The millimeter-wave car-
rier modulated optical signal is split into two arms, I
and Q, using a 3 dB power splitter. To induce a 90°
phase shift between the I and Q millimeter-wave car-
riers, the Q arm optical signal is delayed by T
=1/4fLO using a tunable optical delay line. This opti-
cal delay between the I and the Q arm opticals in-
duces a 90° phase shift between the photodetected
electrical carriers. Two DD-MZMs are used in each
arm for modulating baseband data. Both modulators
are biased at QB for generating amplitude modula-
tion; the upper modulator is driven with two inde-
pendent data I1t and I2t and the lower with data
Q1t and Q2t, where the amplitudes follow the con-
dition I2=I1/2 V, and Q2=Q1/2 V for generating four
amplitude levels, resulting in 4 ASK signals in each
arm. Figure 1 shows a schematic of the PVM archi-
Fig. 1. Schematic of the proposed 16 QAM PVM
architecture.
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photo mixed and combined in a BPD. The electrical
output of the photodetector is a 16 QAM modulated
millimeter-wave carrier. Equation (1) represents the
resulting photocurrent:
iPD=
RP
Ltot
J0mLOJ1mLO
cos2

4V
I1I1t − I2tcosLOt
+ cos2

4V
Q1Q1t − Q2tsinLOt,
1
where R is the responsivity of the photodetector, P is
the output power of the laser, Ltot is the total inser-
tion losses, mLO=VLO/V, and Jn is the Bessel func-
tion of nth order.
A cw DFB laser at 1555.4 nm with an output power
of +15 dBm is externally modulated by a 42 GHz lo-
cal oscillator carrier using a 50 GHz MZM biased at
the QB point. The output of the MZM is ampliﬁed to
+18 dBm using an erbium-doped ﬁber ampliﬁer
(EDFA) to compensate the 6 dB insertion losses of
the modulator and the 3 dB losses due to QB. The
output of the EDFA is divided into two arms using a
3 dB splitter: upper I and lower Q. The Q arm op-
tical signal is delayed using an optical delay line to
generate a 90° phase shift between the I and Q
modulated local oscillator (LO) carrier components.
The I and Q optical components were corrected for
polarization mismatch using a polarization control-
ler. Two 40 GHz DD-MZMs biased at QB were used
for generating the I and Q 4 ASK signals. The two
arms of the I DD-MZM are driven with two
2.5 Gbits/s independent data I1 and I2 where I1 was
tuned to 1 V pp and I2 to 0.5 V pp, resulting in
5 Gbits/s 4 ASK modulation. Similarly the Q arm
DD-MZM was driven by 2.5 Gbits/s Q1 and Q2 data
resulting in another 5 Gbits/s 4 ASK. The I and Q
optical signals with both the baseband data and rf
signal modulated on them were photodetected and
added in a 45 GHz BPD with 0.53 A/W responsivity.
The output of the balanced photodetector (BPD) is a
10 Gbits/s 16 QAM modulated 42 GHz carrier. Fig-
ure 2 shows the rf spectrum of the generated 16 QAM
42 GHz carrier.
To analyze the quality generated, the 16 QAM sig-
nal was demodulated using an electrical mixer. The
16 QAM signal output at the BPD was ampliﬁed and
input to a 42 GHz broadband electrical mixer and
mixed with the same LO used at the transmitter. The
baseband output of the electrical mixer was ﬁltered
using an electrical low pass ﬁlter with a 3 dB cut-off
frequency of 1.87 GHz. The I and Q components of
the 16 QAM signal were demodulated electrically by
tuning the phase of the LO carrier input to the mixer
using a tunable electrical delay. When the electrical
delay was tuned to have 0° phase between the LO
and the received 16 QAM carriers, the I signal was
demodulated and for 90° the Q signal was demodu-
lated.
Figures 3(a) and 3(b) show the demodulated I and
Q eye diagrams of the 10 Gbits/s 16 QAM
millimeter-wave carriers generated by the above de-
scribed PVM conﬁguration. To analyze the quality of
the received signal EVM is calculated from the sta-
tistical data of the eye diagrams. To calculate the
EVM from the captured 4 ASK I and Q eye diagrams,
the histogram of each level was plotted and the mean
 and the standard deviation  were measured.
Later a Gaussian distribution of each symbol was
generated using the  and  and normalized to 1.
The resulting symbols from the Gaussian distribu-
tion were compared with the ideal values for 16 QAM
(1, 1/3, −1/3, −1) and the EVM computed. It should
be noted that the EVM of the signal is calculated af-
ter the receiver stage, and an ideal receiver would
improve the EVM. The EVM of the 10 Gbits/s 16
QAM modulated 42 GHz carrier was calculated to be
−18.33 dB. The EVM calculated does not totally re-
ﬂect the quality of the PVM but contains a contribu-
Fig. 2. Radio frequency spectrum at the output of the
BPD.
Fig. 3. Downconverted (a) I and (b) Q components of the
16 QAM signal.
1834 OPTICS LETTERS / Vol. 33, No. 16 / August 15, 2008tion from the electrical demodulation that incorpo-
rates bandwidth-limited components. For example,
the mixer and the ampliﬁers have an electrical band-
width of around 3 GHz. Also, the photodetector used
in the PVM has an uneven response at 41 GHz,
which can be noted from Fig. 4. The EVM can be im-
proved by accurate phase matching at the electrical
receiver by using a phase-locking mechanism. To
prove this claim, instead of vectorial 16 QAM modu-
lation, 5 Gbits/s 4 ASK modulation was performed
(5 Gbits/s 4 ASK and 10 Gbits/s 16 QAM have the
same electrical bandwidth: 5 GHz) with only one DD-
MZM and at the same LO frequency, 42 GHz. The
generated 4 ASK signal’s EVM was calculated to be
−21.04 dB, which is a 3 dB improvement at the same
electrical bandwidth.
A novel PVM scheme for generating multigigabits
per second 16 QAM modulated millimeter-wave car-
riers is presented. Generation of a 10 Gbits/s 16
QAM modulated 42 GHz carrier was experimentally
demonstrated, and an EVM of −18.33 dB was calcu-
lated from measurements. This EVM value can be
improved by using an enhanced phase-controlled de-
modulation that was demonstrated by generating a
5 Gbits/s 4 ASK modulated 42 GHz carrier with an
EVM of −21.04 dB. The advantage of this scheme
compared to the previously proposed technique in [9]
is that it contains only a single cw source that re-
duces the total RIN contribution and increases the
SNR.
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Abstract: WDM Transmission of 1.25 Gb/s 4-QAM photonic vector modulated signals together 
with 155 Mb/s baseband and a UMTS signal in a dynamically reconfigurable network is 
demonstrated.  
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1. Introduction 
    With the increase in the capacity of optical networks and the evolution of broadband access networks 
towards 10 Gb/s, wireless access of Gb/s broadband data is of a great interest [1, 2]. Photonic techniques 
[3, 4] for generation of these broadband wireless links have proven to be a potential candidate considering 
the various advantages of radio over fibre/optical communication systems like huge bandwidth or easy 
scalability. Most of these photonic techniques are based on direct up-conversion of baseband data to the 
RF frequency which is a bandwidth inefficient modulation technique. If wireless access of 10 Gb/s data 
have to be feasible, advanced bandwidth efficient modulation techniques have to be incorporated, and 
especially when full duplex systems are to be implemented. Recently a new technique called photonic 
vector modulation (PVM) [5-7] has been proposed for generation of these broadband wireless signals. 
Main advantages of the proposed PVM as shown in Fig. 1b are the direct generation of electrical 
quadrature modulation from in-phase and quadrature digital streams and LO carrier and the ability to 
dynamically modify the data rate or RF carrier. Till now, using PVM, 10 Gb/s 16-QAM modulated 
millimetre wave signal generation has been demonstrated [7]. The use of the proposed PVM as 
compatible technology with future access networks requires the fulfilment of two requirements: the 
compatibility with state-of-the-art optical networks and its contribution to the cost drift from base stations 
to central station.  
The future access networks should be able to provide broadband connectivity to the user in both fixed and 
wireless form. To be cost effective, it is required that these radio-over fibre networks can connect various 
base stations to a single central station while maintaining the base stations as simple as possible. Recently 
a novel dynamically reconfigurable remote node based on fold-back arrayed waveguide (AWG) 
incorporating a single optical switch (OS) has been recently proposed for the access networks, with a 
significant reduction in the number of components [8]. In this paper we experimentally demonstrate the 
transmission of 1.25 Gb/s PVM generated 4-QAM signal with 155 Mb/s baseband data, and a UMTS 
signal in a WDM optical network. The different services are routed to their corresponding base stations 
using the reconfigurable AWG-OS based remote node, and the quality degradation of the services is 
henceforth measured.  
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Figure 1:  Schematic of the WDM optical network incorporating reconfigurable remote node (a), the schematic of the photonic 
vector modulator (b). 
2. Reconfigurable Optical Network 
    Fig. 1a shows the remote node of the reconfigurable network consisting of a compact and flexible 
wavelength router based on an optical switch in a foldback AWG as proposed in [8] to symmetrically 
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 assign upstream/downstream channels to/from central station and base station. In the central station 
optical channels carrying various services are wavelength division multiplexed and transmitted over a 
10 km SSMF to the remote node. At the remote node the AWG demultiplexes all the wavelengths and 
routes one own channel per BS, and the extra channels are fed to the input ports of the optical switch. The 
configuration of the optical switch provides the option of launching the extra channels to the input port of 
the AWG in order to be routed to corresponding demanding BSs according to the cyclic response. In this 
system, the services were generated at the central station, demultiplexed at the remote node and routed to 
the BSs. The three services were 1.25 Gb/s 4-QAM at 10 GHz electrical carrier, 155 Mb/s baseband data 
with NRZ-OOK modulation, and an UMTS signal. Two base stations were considered in this experiment 
BS1 and BS2. The PVM generated signals were assigned as own channel to the BS1, and the UMTS 
signal as own channel to BS2. The 155 Mb/s baseband digital signal was used as an extra channel which 
could be rerouted to any one of the two operating base stations using the reconfigurable remote node 
configuration. Fig 2 shows the optical spectra at the base stations under different scenarios.  
 
Figure 2: Optical spectra at the BS1, when the 155 Mb/s extra channel is at BS2 (a), and BS1 (c). Optical spectra at the BS2, when 
the 155 Mb/s extra channel is at BS1 (b), and BS2 (d). 
3. Experimental Setup 
    An optical channel centred at 1548 nm was used to transmit the 1.25 Gb/s PVM generated 10 GHz 
4-QAM signals. To generate the 4-QAM signals the schematic shown in Fig 1b [6] is used. Two DFB 
lasers (λI = 1548.73 nm, λQ = 1549.03) with a modulation bandwidth of 1 GHz were directly current 
modulated by two 625 Mb/s NRZ sequence. The two optical carriers were independently modulated with 
a 10 GHz LO signal by two Mach-Zehnder modulators biased at their quadrature bias points. The Q-arm 
optical carrier was delayed by 25 ps using an optical delay line, where the delay corresponds to 
90  degrees phase shift between the I and Q carriers. For the UMTS signal, an arbitrary waveform 
generator was used to generate the UMTS signal, and modulated on a 1549.6 nm optical carrier using a 
conventional Mach-Zehnder modulator. Similarly a 155 Mb/s PRBS signal was NRZ-OOK modulated on 
a 1551.2 nm optical carrier using another MZ modulator. The three signals were multiplexed using a 4:1 
optical combiner and transmitted over a 10 km SSMF. 
To measure the quality of the PVM generated signal at the BS1, an electrical mixer was used. A copy of 
the LO was launched into the LO port of the broadband mixer, and the photo detected RF signal at the RF 
port. Using an electrical phase shifter in the LO, the phase was tuned and the I and Q baseband data were 
demodulated. Similarly the UMTS signal quality was measured using a vector signal analyzer. The 
155 Mb/s baseband data was photodetected and the Q-factors were measured and the BER calculated by 
using a digital signal analyzer.  
 
4. Results 
    Initially the PVM generated 4-QAM signals were demodulated in a back-to-back (B2B) case and the 
Q-factors of the demodulated I and Q data were measured by setting the optical detected power at +5 
dBm with an EDFA and an optical attenuator. Q-factors of 17.8 dB and 16 dB were obtained for I and Q 
data respectively, which difference is mainly due to the non-identical lasers employed for each signal 
component. Similarly after 10 km of fibre transmission, the Q-factors were measured as 16.5 dB and 
13.5 dB for I and Q respectively. In both cases, the B2B and transmitted signal through 10 km SSMF, 
measurements show remarkable eye opening offering an excellent quality for digital wireless 
communications. The degraded Q-arm Q-factor was mainly due to the broad line width of the Q-arm laser 
at 1549.03 after direct modulation, combined with the fibre chromatic dispersion. For the sake of 
comparison, instead of 4-QAM signals, ASK signals were generated by simply switching off one of the 
lasers in the PVM. In this case no vector modulation is performed; rather direct up-conversion of 
baseband data to the RF frequency which occupies the same electrical bandwidth. When the laser λI of 
the PVM was used to generate the ASK signal, it is denoted as ASK-I, else ASK-Q. Q-factors in a B2B 
measurement of 18.4 and 17.6 dB for ASK-I  and ASK-Q, respectively.  
In a multiservice scenario, other than the PVM generated signals, UMTS and baseband digital signals 
were multiplexed and transmitted to the remote node. Before demultiplexing and routing the services to 
corresponding base stations, the WDM optical signal was amplified using an EDFA. The PVM signals 
(a)  (b)  (c) (d) 
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 were routed to BS1, the UMTS to the BS2, and the 155 Mb/s as an extra channel which was routed one at 
a time to both base stations. Table I contains the Q-factors of the PVM generated signals at the BS1 when 
the 155 Mb/s baseband signal was routed either to BS1 or BS2, showing similar and independent values 
of the reconfigurable channel assignment scenario.  
Table I: Photodetector input power and Q-factors of the demodulated signals under different scenarios with multiple services 
Modulation >  4-QAM (I)  4-QAM (Q)  ASK-I  ASK-Q 
Pin [dBm] >  1.5  1.5  -1.7  -1.7 
Q-factor [dB]: extra at BS1 13.6  9.9  17.8  15.9 
Q-factor [dB]: extra at BS2 13.4  9.6  18.1  16.3 
 
The low Q-factors at the BS were also due to the fact that BS1 has another AWG to separate different 
services reaching the BS1, which results in additional optical losses. The quality of the UMTS signal was 
measured at BS2 similarly in two scenarios: when the 155 Mb/s was at BS1 or BS2. Fig. 3b shows the 
EVM of the UMTS signal plotted against the received optical power. The results show EVM factors 
below 1.2% satisfying the 3GPP standards at a received optical power of -14 dBm.. Similarly the quality 
of the 155 Mb/s baseband digital signal was assessed at the BS1 by calculating the BER as shown in the 
Fig. 3a. Similar results were found when measured at BS2, showing that the QoS is independent of the 
routing scenario.  
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Figure 3: Calculated bit error ratio of the extra 155 Mb/s digital signal at BS1, corresponding B2B case, and the eye diagrams at the 
two base stations (a), and EVM of the UMTS signal at BS2 in B2B case, when extra is at BS1 and BS2, and the resulting 
constellation diagrams (b).  
5. Conclusions 
    In this paper the feasibility of a PVM generated signal being transmitted over 10 km fibre, dynamically 
routing using a reconfigurable remote node, and co-existing with other analogue and digital services was 
experimentally demonstrated. The advantage of this optical network incorporating the reconfigurable 
remote node is that all the generating equipment is at the central station relaxing the BS complexity. It 
was also demonstrated that the quality of the various services are not affected by the other services, and 
does not either depend on the different routing scenarios.  
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Figure 1.   Schematic of a typical electrical vector demodulator (a), and the schematic of the proposed photononic vector demodulator (b). 
   
Abstract—In this paper, a technique for demodulation of vector 
modulated signals like QAM, using photonic techniques is 
presented. The photonic vector demodulator is capable of 
converting broadband wireless QAM signals into independent 
Inphase and Quadrature optical baseband signals. Experimental 
demonstration of demodulation of 2.5 Gbit/s QAM modulated 
20 GHz carrier is presented. Bit error ratio of the demodulated-I 
and -Q optical baseband signals is measured and an error free 
demodulation achieved. A receiver sensitivity of -26.5 dBm and -
27 dBm were measured for the I and Q signals respectively.  
 
I.  INTRODUCTION  
Broadband access networks are evolving towards 10G 
connectivity provision.  The possibility of accessing such high 
data rates using wireless links is of a great interest due to the 
various advantages of wireless links [1]. Also these broadband 
wireless links are an appropriate solution for providing 
network redundancy under disaster or service disruption 
situations [2]. Another important application of these 
broadband wireless links is to implement the wireless 
extension to the existing FTTH networks, known as FTTA 
fibre to the air. Radio-over-fibre technologies offer the 
advantage of huge bandwidth and flexibility to implement 
these millimeter wave broadband links [3, 4, 5].  
Recently, some research groups have demonstrated high 
bandwidth millimeter wave wireless links using photonic 
techniques, and up to 10 Gbit/s 120 GHz carrier generation 
was demonstrated [6,7]. However, these techniques were 
based on direct up-conversion of digital baseband signal 
which suffer from bandwidth inefficiency. Therefore, efforts 
to generate bandwidth efficient modulation formats like 
multilevel quadrature amplitude or phase modulation 
This work has been supported by the European Commission FP6 under  
project IST-35317 IPHOBAC. 
117 978-1-4244-2169-5/08/$25.00 ©2008 IEEE.(MQPSK/MQAM) are of high interest [8].  Recently, using 
photonic vector modulation techniques, generation of Gbit/s 
QAM modulated mm-wave carriers, and up to 10 Gbit/s 
16QAM modulated 40 GHz carrier were reported [9, 10].  For 
demodulation of these high capacity vector modulated 
wireless carriers, a photonic vector demodulator is presented. 
Apart from the various advantages of photonic technology 
compared to conventional electrical technology, PVdM offer 
an advantage of converting the wireless signals into baseband 
optical signals to be directly transmitted in a fibre network.  
In this paper a novel photonic vector demodulation 
(PVdM) technique for demodulation of QAM modulated 
wireless signals is presented.  Experimental demonstration of 
demodulation of 2.5 Gbit/s QAM modulated 20 GHz carrier is 
reported. The output of the PvDM is two baseband ASK 
modulated optical signals.  
The organization of this paper is as follows: section I 
describes the working principle, the section II the 
experimental setup, and its various blocks. Section III 
describes the results, and conclusion in section IV. 
II.  WORKING PRINCIPLE 
 
Demodulation of vector signals like QAM require the 
demodulation of the I and Q carrier components. In an 
electrical vector signal demodulator, the received wireless 
signal with QAM modulation is mixed with a LO carrier to 
obtain the I baseband data, and the RF signal is mixed with a 
90º phase shifted LO carrier for obtaining the Q baseband 
component. Similarly, in a photonic vector demodulator the 
same principle is applied, but using an optical carrier. The LO 
is first modulated on a continuous wave optical carrier using 
an external modulator.  The LO modulated optical carrier is 
divided into two arms named I and Q. An optical delay line is 
used in the arm Q to delay the optical signal by 1/4fLO. This 
optical delay also delays the LO carrier modulated, which is 
also a 90º phase shift compared to the I arm. The delay does 
not depend of the transmitter design, since LO at the receiver 
will be in phase with the received RF signal, and the optical 
delay is only used to induce an additional 90º phase shift. The 
working principle of the photonic vector modulator is shown 
in Fig. 1. 
The optical carrier and the sidebands separated by fLO 
output at the first MZM (Fig. 1) are modulated by the RF 
QAM signal using another external modulator. The output of 
the second external modulators is an optical carrier with the 
mixed RF and LO carriers modulated on it. Later, a fibre 
Bragg grating is used to chose one of the optical sidebands 
with only the baseband data modulated on it. The output of the 
fibre grating is an optical amplitude modulated baseband 
signal. Depending on the phase of the LO modulated on the 
optical carrier by the first external modulator, the output of the 
filter is either I (for 0º phase), or Q for (90º phase) baseband 
data.   
III.  EXPERIMENTAL SETUP 
 
The experimental setup of the photonic vector 
demodulator consists of three major blocks as shown in Fig. 2. 
It consists of the electrical QAM signal generator, photonic 
vector demodulator, and an optical pre-amplified receiver for 
measuring the bit error ratio.  
 
 
Figure 2.   Experimental setup of the photonic vector modulator containing 
an electrical QAM transmitter and an optical pre-amplified 
receiver.
 
Figure 3.   RF spectrum output at the QAM transmitter.  
A.  Electrical QAM Signal Generator 
The electrical QAM signal was a 2.5 Gbit/s QAM 
modulated 20 GHz carrier. The choice of the data rate, and the 
carrier frequency was determined by the available RF 
components.  
118For generating the QAM signal two electrical mixers were 
used to mix the I and Q data with two LO carrier components. 
Two 1.25 Gbit/s 2
31-1 PRBS data sequences were mixed with 
the LO carriers amplified to +22 dBm, where the Q arm LO 
carrier was 90º phase shifted using an electrical 3-dB hybrid. 
The two RF signals were combined resulting in a 2.5 Gbit/s 
QAM modulated 20 GHz carrier. The generated QAM signal 
was amplified to +12.5 dBm using a low noise amplifier. Fig. 
3 shows the RF spectrum of the QAM signal.  
B.  Photonic Vector Demodulator 
A continuous wave laser with an output power of +6 dBm 
at 1550.15 nm of wavelength was used as the optical carrier. 
A copy of the 20 GHz LO used for generating the electrical 
QAM signal is used to modulate the optical carrier using a 50 
GHz Mach-Zehnder modulator biased at its quadrature bias 
point. Later an Erbium-doped optical amplifier was used to 
amplify the optical signal to +3 dBm. An optical delay line 
was followed by the EDFA to tune the delay for changing the 
RF phase. The ODL was used to make sure that the phase 
difference between the LO and the RF signal was maintained 
either 0º or 90º, and also to compensate any extra delay added 
by the optical path. Another 50 GHz bandwidth MZM biased 
at its quadrature bias point was used to modulate the QAM 
RF signal. The QAM signal is modulated on the two optical  
Figure 4.    The measured bit error ratio (BER) of the demodulated I and Q 
optical baseband data plotted against average optical received power. 
 
sidebands of the carrier. Depending on the phase difference 
between the LO carrier (tuned by the ODL) and the RF 
signal, the data modulated on the optical sidebands is either I 
(0º) or Q (90º).  
A fiber Bragg grating with center frequency of 1550 nm 
with a bandwidth of 25 GHz was used at the output of the 
second MZM to filter out the lower sideband. The output of 
the filter is an optical 1.25 Gbit/s, amplitude modulated 
baseband signal. The demodulated electrical I and Q data eye 
diagrams are shown in Fig. 5 
 
C.  Optical Pre-amplifier Receiver 
To measure the bit error ratio of the optical signal, an 
optical pre-amplified receiver was used. The output of the 
FBG was at -18 dBm, and amplified using an EDFA and 
followed by a tunable optical bandpass filter centered at 1550 
nm with 1 nm of bandwidth. A variable optical attenuator was 
placed between the FBG and the EDFA to measure the 
receiver sensitivity of the signal. The optical baseband signal  
 
 
 
Figure 5.    The electrical eye diagarams at the output of the photodiode with 
an input power of -18 dBm to the optical pre-amplifier. Left  (I) and right 
(Q). 
 
Figure 6.    The optical spectrum at the output of the FBG. Inset is the optical 
spectrum at the input of the FBG.  
 
was photo-detected using a 12.5 Gbit/s photo-receiver with 
integrated amplifier in it. The demodulated baseband 
electrical data was low-pass filtered using a 900 MHz, low 
pass filter before prior to bit error ratio measurement. 
 
IV.  RESULTS AND DISCUSSION 
Fig. 4 shows the bit error ratio plots of the I and Q data 
plotted against the average optical power received at the pre-
amplifier receiver. Error free transmission was obtained with 
received power as low as -25 dBm. To obtain a bit error ratio 
of 10
-9, received average optical power of -26.5 dBm and -27 
dBm for I and Q respectively. It can be concluded from the 
BER curves that typical off the shelf devices for optical 
baseband communications can be used for demodulation of 
QAM RF signals. The performance of the photonic vector 
119demodulator was mainly limited by the availability of the RF 
components, and the bandwidth of the FBG. Ideally the RF 
frequency should be much greater than the bandwidth of the 
FBG to avoid interference from the other optical carriers. The 
RF frequency in this experimental demonstration was chosen 
as 20 GHz, and the FBG had a bandwidth of 25 GHz, resulting 
in interference from other bands as shown in Fig. 6.  
V.  CONCLUSION 
A novel technique for demodulation of QAM mm-wave 
carriers using photonic techniques is presented. The photonic 
vector demodulator is able to convert a QAM modulated 
wireless signals into two (I and Q) ASK modulated optical 
baseband signals. An error free demodulation of 2.5 Gbit/s 
QAM modulated 20 GHz carrier was demonstrated using the 
photonic vector demodulator. Optical receiver sensitivity at a 
BER of 10
-9 was measured as -27 dBm and -26.5 dBm for I 
and Q data respectively. The ability of the photonic vector 
demodulator to demodulate and transform a QAM wireless 
signal to independent optical ASK modulated baseband signal 
makes it a potential choice for wireless access to a FTTH 
network.  
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Abstract—– Wireless links based on optical DxPSK and passive 
optical interferometer based demodulation is presented and a 5 
Gb/s 60 GHz DPSK wireless signal generation and demodulation 
experimentally demonstrated.  
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I.   INTRODUCTION  
Optical access networks with their FTTH standards are the 
current state of the art access technology, but in many 
scenarios like rural areas or new green field areas the last mile 
fiber installation might be expensive or just logistically 
challenging. Wireless links in the millimeter wave frequency 
ranges offer good solution for extending the reach of the 
existing fiber networks. These high capacity wireless links 
have other applications like inter-building communication 
links, military, emergency services etc. The millimeter wave 
frequency bands like 60 GHz, 70/80 GHz are of special 
interest since these bands have a few GHz of bandwidth 
available.  These  wireless links mostly  connect two remote 
antenna  units  (RAUs), where the Gb/s signals must be 
transported to/from a central station (CS). One solution is to 
optically transport the Gb/s baseband signal to the RAU and 
electrically up-convert the signal to the desired frequency and 
similarly  electrically  demodulate the wireless signals at the 
receiver side and transport the baseband signals optically to 
the CS. The disadvantage of this solution is complicated RAU 
architecture which increases the operation costs.  
Since fibre optics are  needed to transport/remote the Gb/s 
signals, a better  solution would be to integrate the up-
conversion/demodulation process into optics  at the CS,  and 
keeping  the  RAUs  as simple as possible. Radio over fibre
 
(RoF) [1] technologies offers the bandwidth and flexibility for 
providing millimetre-wave Gb/s wireless links. To integrate 
the current RoF  links with the existing optical access 
networks, the RoF links should be dispersion tolerant
 [2, 3], 
and passive in nature. In this paper, we present a single side 
band (SSB)  RoF  link with optical differential phase shift 
keying (DxPSK). The DxPSK wireless signals are received at 
the RAU, where another RoF link transmits the signals to the 
CS. Using the phase preserving properties of the RF signal 
modulation on an optical carrier [4],  the original DxPSK 
modulation is restored at the receiver, and a 1-bit Delay Mach-
Zehnder Interferometer  (DMZI)  was used to perform the 
optical  demodulation, which otherwise [5]  would need 
sophisticated electrical phase locking techniques. This proof 
of concept opens new opportunities for RoF wireless systems, 
where modulation formats like DQPSK [6]  can be 
implemented without any millimetre-wave phase locking, just 
by using passive DMZI demodulation. Moreover, Silicon 
Photonics offers here an excellent platform  for monolithic 
system integration on a chip. Apart from the laser, all 
components can be integrated directly on a single die using 
standard CMOS technology, offering a mass production low 
cost solution [7] 
II.  WORKING PRINCIPLE 
Figure 1 shows the schematic of the experimental setup. The 
setup is divided into 4 parts. First at the transmitter CS, a 1550 
nm optical carrier emitted from an external cavity laser (ECL) 
is modulated by a 30 GHz local oscillator signal using a MZM 
biased at its minimum transmission point. The output of the 
MZM is an optical carrier suppressed DSB, with two coherent 
optical carriers 60 GHz apart. The two optical carriers are 
amplified using an Erbium Doped Fibre Amplifier (EDFA). 
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Fig. 1: Experimental set-up for QPSK wireless-over-fibre link 
 To  filter out the excess out of band noise, a 1-nm tunable 
optical band-pass filter was used. The two optical carriers 
were de-multiplexed using a 1550 nm centred Fibre Bragg 
Grating (FBG). 
 Figure 2 shows the optical spectra at the input, reflected and 
transmitted ports of the FBG. The reflected signal after 
passing through a circulator is input into  a 10 GHz MZ 
modulator. A 5 Gb/s NRZ data with 7Vpp was modulated on 
the optical carrier with the MZ modulator biased at minimum 
transmission resulting in a DPSK signal. The other un-
modulated optical  carrier  is added with 90% of the DPSK 
modulated signal using a 10:90 optical coupler. An 
asymmetric coupling ratio was chosen to compensate the 
additional loss from data MZM. The combined optical signals, 
the DPSK modulated optical carrier, and the 60 GHz separated 
un-modulated carrier are transmitted over a 1-km fibre to a 75 
GHz bandwidth photo detector (PD) located at the Tx-RAU.  
    At the Rx-RAU, the 5 Gb/s 60 GHz DPSK signals output 
from the PD are amplified using a 26 dB gain high power 
amplifier, and modulated on another optical carrier emitting at 
1555 nm from an ECL, using a 60 GHz Reflective Electro-
Absorption  Modulator  (R-EAM). An optical circulator was 
used between the ECL and R-EAM because of the reflective 
nature of the EAM. The output at the port 3 of the circulator is 
a DSB signal with the central carrier, and the DPSK signal 
modulated on the sidebands.  The DSB optical signal is 
transmitted to the receiver CS using another optical fibre of a 
1 km. At the receiver CS, another FBG centred at 1555 nm 
with a bandwidth of 25 GHz is used to filter one of the 
sidebands. The filtered sideband passes through a variable 
optical attenuator  (VOA)  and an EDFA, which acts as a 
typical pre-amplified optical receiver. The amplified signals 
are filtered  to reduce the out of band  noise using a 1-nm 
tunable optical bandpass filter. To demodulate the  DPSK 
signals, a 10 GHz 1-bit DMZI in combination with single-
ended photo-detection was used. The photo-receiver was a 10 
GHz PD with a trans-impedance amplifier.  
III.  RESULTS 
To  evaluate  the penalty induced by the whole process of 
transmission and up-conversion of the 5 Gb/s DPSK signal to 
60 GHz, and the other way around, first the Bit Error Ratio 
(BER) of the 5 Gb/s signal was measured in a back-to-back 
(B2B) scenario using a typical optical pre-amplified receiver. 
For the B2B case, the BER was measured at the output of the 
DPSK MZM as shown in the fig. 1. For the 60 GHz case, the 
BER was measured as a function of the received optical power 
by varying the attenuation of the VOA at the receiver CS. 
Both the results are plotted in fig. 3. Results show a very good 
performance of the proposed differential phase modulated 
millimetre wave wireless system, considering that the results 
include fibre transmission and frequency up-  and down-
conversion. Receiver sensitivity at the receiver CS of around -
27.5 dBm was measured for a BER of 10
-6. Comparing with 
the B2B case, a penalty of 6 dB is observed. In the described 
measurements,  just  one RF amplifier is used, and  a rough 
calculation of the power budget for a typical wireless link with 
high gain antennas and extra RF amplification stages indicates 
that transmission distance of a few hundreds of metres could 
be achieved with the obtained performance results. 
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Fig. 2: Optical spectra of the input, reflected and transmitted 
signal at the FBG at transmitter central station 
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Abstract:  Novel demodulation technique for radio over fiber systems, transparent to RF carrier 
frequency, employing coherent detection and baseband digital signal processing is presented for the first 
time. Multi-gigabit signal demodulation at 40GHz RF is demonstrated 
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1.  Introduction 
 
The increase in the data capacity demand is pushing the development of multi-gigabit wireless systems. 
Currently, there is a lot of research effort underway in order to develop multi-gigabit wireless systems 
addressing applications like LAN bridging, inter-building communications, mobile backhaul, etc [1-3]. Several 
frequency bands in the millimeter wave frequency regime (60 GHz, 70/80 GHz, >100 GHz etc) have a few GHz 
of available bandwidth, which could potentially enable gigabit wireless transmissions. However, in order to 
achieve multi-gigabit capacity in the limited available millimeter wave bandwidth, spectrally efficient 
modulation formats like QPSK and M-QAM are required. Radio over fiber technologies [4] provide a good 
solution for such broadband wireless systems and up to 10 Gb/s wireless signal generation with both, on-off-
keying and spectral efficient M-QAM modulation has been  demonstrated [2,3]. However, the detection of these 
vector modulated multi-gigabit signals using conventional electrical methods becomes complicated when the bit 
rate increases and carrier frequency approaches millimeter wave frequencies. Recently, many photonic 
techniques for demodulation of M-QAM signals have been proposed [5, 6], but still require relatively complex 
high-bandwidth analog phase locked loop. Also, recently novel digital coherent receiver structures have been 
proposed for radio over fiber links [7,8]. Although, the demonstrated digital coherent techniques do not require 
electronic or optical phase locked loops, they still require electronics such as A/D converters or signal sources at 
high RF carrier frequencies [9]. 
In this paper, we present a novel technique for demodulation of high-frequency multi-gigabit RF signals using 
coherent detection and baseband digital signal processing. The advantage of the proposed technique is that it is 
transparent to RF carrier frequency and only requires A/D converters at the baseband/data rate frequency. In 
order to demonstrate the RF frequency transparency, demodulation of 2.5 Gb/s QPSK modulated data signal, at 
40 GHz and 35 GHz RF carrier frequency, is experimentally demonstrated.  
 
2.  Experimental set-up 
 
 
    Figure 1:  Schematic of the experimental setup of RF transparent demodulator. 
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The schematic of the experimental setup is shown in Fig. 1. A pattern generator is used to generate inphase and 
quadrature components of the 1.25 Gbaud QPSK data signal Thereafter, a vector signal generator is  used to up-
convert the generated 2.5 Gb/s QPSK signals at the RF carrier frequency of 40 GHz. The electrical power of the 
RF signal was set to +12 dBm. An optical carrier at the wavelength of 1554.68 nm generated from an external 
cavity tunable laser (TLS) was amplitude modulated, with the 1.25 Gbaud QPSK modulated 40 GHz RF carrier 
frequency data signal, using a MZ modulator biased at the quadrature bias point. The output of the MZ 
modulator consists of the optical carrier (1554.68 nm), and two sidebands, at 1554.36 nm and 1555.0 nm, each 
modulated with 1.25 Gbaud QPSK data and separated by 40 GHz/0.32nm. The main idea behind our approach 
is now to filter out one of the sidebands of the modulated optical carrier and in this way only transmit baseband 
data making this scheme RF carrier frequency independent, and also dispersion tolerant since only the baseband 
data is transmitted. This is illustrated in Fig. 1. To filter out the sideband at 1555.0 nm, a fiber Bragg grating 
(FBG) centered at 1555.0 nm with an optical bandwidth of 25 GHz is used in combination with an optical 
circulator. The optical signal at 1555.0 nm contains purely 1.25 Gbaud QPSK data signal modulation.  The 
optical data signal at 1555.0nm, carrying 2.5 Gb/s of data, is then transmitted over a 26 km prior to coherent 
detection, which only requires baseband signal processing at twice  the data rate. An LO optical signal at around 
1555 nm with a linewidth of around 100 kHz generated from another tunable external cavity laser is mixed with 
the filtered sideband in the optical 90º hybrid. The inphase Ii and quadrature Iq optical components are detected 
using a pair of balanced photoreceiver, which were inbuilt in the optical 90º optical hybrid. The photodetected 
signals were then digitized using a high bandwidth realtime oscilloscope with 13 GHz analog bandwidth and the 
sampling rate up to 40 GS/s. The digitized photodetected signals were later used for offline digital signal 
processing consisting of matched filtering, decimation and QPSK demodulation module [8].  
 
4. Results  
 
In Fig. 2(a), optical spectra of the input, transmitted and the reflected signal from the FBG is shown. It is the 
reflected signal at 1550.0nm containing 2.5 Gb/s QPSK data modulation that is sent to the transmission span of 
26 km and subsequent signal demodulation. It is observed that the FBG suppresses the optical carrier and 
sidebands by more that 30 dB, allowing for pure baseband transmission.  
   
 
 
 
 
 
 
 
 
 
 
 
                         
                            (a)                                                                           (b) 
Fig. 2 (a) Optical spectrum input to, reflected from and transmitted through the fiber Bragg grating (a), the electrical 
spectrum of the photocurrent output from one of the arms of the 90º optical hybrid.  
   
In Fig. 2(b), the frequency spectrum of the detected photocurrent (one of the outputs of the 90 optical hybrid) is 
shown. It is observed that the signal is in baseband with a small frequency offset from zero due to frequency 
mismatch between the transmitter and LO laser. This frequency offset is corrected by the digital signal 
processing based demodulation algorithm [8]. Fig. 3(a) shows the Bit Error Ratio (BER) curves plotted as a 
function of the Optical Signal to Noise Ratio (OSNR). To begin with, we focus on the data signal at 40 GHz RF 
carrier frequency. First, the BER was measured in a back-to-back scenario, and then a 26 km fiber transmission 
was performed. Fig. 3(a) shows that for the back-to-back scenario successful signal demodulation is achieved 
with the receiver sensitivity of 8 dB in order to obtain the BER of 10
-4. Additionally, it can be observed from 
Fig. 3(a), that the 26 km of fiber transmission did not induce any penalty for the demodulation of a 2.5 Gb/s 
QPSK signal at 40 GHz RF carrier, proving the dispersion tolerance of the proposed scheme.  
Later, the RF carrier frequency was changed to 35 GHz while still keeping the 1.25 Gbaud QPSK data signal 
modulation. Changing the RF carrier frequency from 40 GHz to 35 GHz, has moved the sideband center 
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wavelength, so in order to be able to filter the sideband properly, the transmitter laser was detuned to maximize 
the filtered optical power. In Fig. 3(a), the BER as a function of OSNR is also plotted when the RF carrier 
frequency is 35 GHz. The error free (zero errors counted) signal demodulation is achieved when the OSNR is 7 
dB, which is indicated by an arrow in Fig. 3(a).  An improvement in the BER is observed compared to the case 
when the RF carrier frequency was 40 GHz, which is due to the increased frequency response of the MZ 
modulator at 35 GHz compared to 40 GHz. Also a 2 dB of increase in the sideband power was recorded.  
 
 
 
 
 
 
 
 
 
 
 
 
 
                        (a)                                                                                    (b) 
pFig. 2 The bit error ratio plotted as a function of OSNR (a), and as a function of the electrical RF power input to the MZ 
modulator.  
 
To analyze the effect of the received RF power, the BER was measured as a function of the RF signal power 
without any additional optical noise and plotted in Fig. 3(b), for the RF carrier frequency of 35 GHz The RF 
signal power was varied from -4 dBm to 0 dBm, and the corresponding optical sideband power was also 
measured and is shown in Fig. 3(b). The Fig. 3(b) shows that even for very low RF signal power of -4 dBm, 
(sideband optical power of -48 dBm), BER of app. 10
-3, is achievable. This proves the high sensitivity of the 
proposed demodulation scheme.   
 
5. Conclusion 
 
A new demodulation technique, transparent to RF carrier frequency based on optical coherent detection and 
baseband digital signal processing is presented. A successful experimental demodulation of 2.5 Gb/s QPSK data 
signal at 40 GHz RF carrier frequency is successfully demonstrated. To the best of our knowledge, this is the 
first RF transparent photonic demodulation technique which is dispersion tolerant and does not use any high-
speed electrical RF components.  
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100-GHz Wireless-Over-Fiber Links With Up to
16-Gb/s QPSK Modulation Using Optical Heterodyne
Generation and Digital Coherent Detection
Rakesh Sambaraju, Darko Zibar, Antonio Caballero, Idelfonso T. Monroy, Ruben Alemany, and Javier Herrera
Abstract—Inthisletter,anoveltechniquefordirectconversionof
an optical baseband quadrature phase-shift keying (QPSK) signal
to a millimeter-wave wireless signal and subsequent signal demod-
ulation is reported. Optical heterodyne mixing of the optical base-
band QPSK signal with a free-running unmodulated laser for the
wireless signal generation is employed. To correct for the phase
and frequency offset originating from the heterodyne mixing of
the two free-running lasers, wireless signal demodulation based
on optical coherent detection in combination with baseband dig-
ital signal processing is implemented. As a proof ofconcept, 5-Gb/s
amplitude-shiftkeyinganduptoa16-Gb/sQPSKwirelesssignalin
the band of 75–110 GHz was generated and successfully demodu-
lated. All-photonic millimeter-wave wireless signal generation and
digital coherent detection at baud-rate are employed without com-
plex optical phase-locked loop.
Index Terms—Coherent detection, digital signal processing, mi-
crowave photonics, wireless communication.
I. INTRODUCTION
O
PTICAL communication systems are going through a
radical change with the return of coherent detection
in combination with digital signal processing. This allows
for spectrally efﬁcient modulation formats, such as quadrature
phase-shift keying (QPSK) or quadrature amplitude modulation
( -QAM), to be used to generate high-speed data signals with
the bit rates of up to 112 Gb/s while keeping the baud rates
at either 10 or 28 Gbaud [1]. The digital signal processing
assisted optical coherent detection is maturing very fast [2], and
is expected to enter the commercial applications within a few
years. On the other hand, wireless technology is also advancing
at a rapid pace, especially in the millimeter-wave frequency
bands like 60, 70/80, and 100 GHz, where several gigahertz
of bandwidth are available [3]. Wireless links with capacities
of 10 Gb/s, and even up to 28 Gb/s have been demonstrated,
using microwave photonic techniques [4]. However, the current
technologies for generation of high-capacity wireless signals
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either employ spectrally inefﬁcient on–off-keying modulation
which are limited to 10 Gb/s [5], or use complex electronic
arbitrary waveform generators [4].
In this letter, we report for theﬁrst time, a noveltechnique for
generationand demodulationofspectrally efﬁcientQPSK wire-
less signals in the 75- to 110-GHz band. The wireless QPSK
signal generation is obtained by directly converting an optical
baseband signal into an millimeter-wave wireless signal as ex-
plained next. The proposed wireless signal generation is based
onheterodyne mixingof ahigh-speed optical(baseband) QPSK
signalwithafree-runningcontinuous-wave(CW)laserinapho-
todiode. The subsequent wireless signal demodulation is based
onopticalsinglesidebandﬁltering,coherentdetectionandbase-
band digital signal processing, i.e., radio-frequency (RF) trans-
parentsignal demodulation [6].We experimentallydemonstrate
a successful generation and demodulation of 5-Gb/s amplitude
shift keying (ASK) and up to 16-Gb/s QPSK wireless signals
in the 75- to 110-GHz frequency band. The proposed technique
does not incorporate any millimeter-wave components for the
wireless signal generation or detection, and digital coherent de-
tection with electronic components only at twice the data signal
baud rate are used. The proposed technique is also highly scal-
able and does not require any kind of optical phase-locking
techniques for the wireless signal generation [7], and detec-
tion. The phase and frequency drift originating from wireless
signal generation and coherent detection, both employing free-
running lasers, are fully compensated using digital signal pro-
cessing based detection. This concept signiﬁcantly simpliﬁes
thesystemcomplexityandachievesthebreakthroughdemanded
from simple and seamless integration between high-capacity
optical ﬁber links and wireless connections.
II. EXPERIMENTAL SETUP
Fig. 1 shows the schematic of the experimental setup for the
generation and detection of QPSK wireless signals. In order
to generate an optical data signal, a CW external cavity laser
(ECL) at wavelength (1555 nm) is used. The output of the
ECL is then phase-modulated by two data streams and
using a nested dual-parallel Mach–Zehnder modulator (MZM)
structure (in-phase/quadrature (I/Q) modulator) to generate an
optical baseband QPSK signal. The optical I/Q modulator is
drivenwithupto8-Gb/selectricaldatasignalsfromabitpattern
generator with a PRBS (pseudorandom bit sequence) pattern of
length to generate 16-Gb/s optical baseband QPSK sig-
nals. The optical baseband signal is then ampliﬁed, and ﬁltered
using a 1-nm bandwidth optical bandpass ﬁlter (OBPF) to re-
move the out-of-band ampliﬁed spontaneous emission (ASE)
1041-1135/$26.00 © 2010 IEEESAMBARAJU et al.: 100-GHz WIRELESS-OVER-FIBER LINKS WITH UP TO 16-Gb/s QPSK MODULATION 1651
Fig. 1. Experimental setup of a QPSK wireless-over-ﬁber link. (Antenna at the transmitter and receiver are just for illustration purposes; no wireless transmission
is performed).
Fig. 2. (a) Optical spectrum of a 16-Gb/s baseband QPSK signal with the di-
rect detected eye diagram (inset). (b) Optical spectrum of the combined optical
baseband 16 QPSK signal and an unmodulated optical carrier with a frequency
separation of ￿￿ ￿ ￿ ￿￿ ￿GHz.
noise. The optical spectrum of the 16-Gb/s optical QPSK signal
is plotted in Fig. 2(a) together with the directly detected eye di-
agram of the optical QPSK signal [inset Fig. 2(a)]. The eye di-
agram shows the characteristic intensity dips of a QPSK signal
when generated using a nested I/Q MZM. Prior to the up-con-
version to the RF carrier frequency, the baseband optical QPSK
signal is combined in an optical coupler with another CW op-
ticalsignalatwavelength (1554.32nm)emittedfromanECL
(see Fig. 1). The frequency difference between the two optical
sources, , is chosen to the desired RF carrier fre-
quency. The optical spectrum of the combined optical signals is
plottedinFig.2(b).Thecombinedopticalsignalsarethentrans-
mitted, using 50-m-long single-mode ﬁber (SMF), to a remote
transmitter antenna site (see Fig. 1). At the remote transmitter
antenna site, the two optical carriers are heterodyne mixed in a
100-GHz bandwidth photodiode, generating a 16-Gb/s QPSK
modulated radio signal at an RF carrier frequency of
GHz.Thewirelesssignalat82GHzwith16-Gb/sQPSKdata
modulation is then ampliﬁed using a -band ampliﬁer (from
Radiometer Physics GmbH). At the reception point (receiver
antennabasestation,seeFig.1),thewirelessQPSKsignalmod-
ulates an optical carrier at wavelength (1549.34 nm) emitted
from a distributed-feedback laser integrated with a 100-GHz
travelling wave electroabsorption modulator (DFB TW-EAM),
developed in the European Project ICT-HECTO. The optical
output of the TW-EAM contains a central carrier at and the
two sidebands at wavelengths (see Fig. 1), where
and is the velocity of light. The sidebands
are separated by GHz from the optical car-
rier at , and contain the QPSK data modulation. Using a ﬁber
Bragg grating (FBG) with 25 dB of rejection and centered at
1550 nm, one of the sidebands is ﬁltered out such that only pure
Fig.3. (a)Opticalspectrumshowingthe5-Gb/sASKopticaldatasignalandan
unmodulated optical carrier prior to the RF up-conversion. (b) BER plots versus
thereceivedopticalpowerofthewireless5-Gb/sASKsignalsatRFfrequencies
of 82, 88, and 100 GHz.
baseband QPSK signal at (1550 nm) is sent to the
coherent receiver at the receiver central station, after 50 m of
transmission. Prior to demodulation, the baseband QPSK signal
is ampliﬁed using an optical preampliﬁed receiver, and intra-
dyne mixed in a optical 90 hybrid with an optical local oscil-
lator emitting from an ECL with a linewidth of 100 kHz, and
tuned to . The photodetected I and Q signals are then
sampled at a rate of 20 GS/s using a real-time digital sampling
scope,andsubsequentlyoff-lineprocessedusingadigitalsignal
processing-based receiver [6].
III. RESULTS
The system performance is tested by ﬁrst setting the system
baud rate to 5 Gbaud and applying an ASK modulation format
for the following RF carrier frequencies: 82, 88, and 100 GHz.
Fig. 3(a) shows the optical spectrum at the input of the photo-
diode, of the optical baseband 5-Gb/s ASK signal together with
anunmodulatedCWopticalcarrier100GHzawayinfrequency,
prior to wireless signal generation. At the receiver (receiver
central ofﬁce), the ASK wireless signals were successfully de-
modulated using the DSP-based receiver and the bit-error ratio
(BER) is plotted versus the received optical power, as shown
in Fig. 3(b). The received optical power to the preampliﬁed
receiver is varied using the variable optical attenuator (VOA)
present in the receiver central ofﬁce (see Fig. 1). Power penalty
is observed as the RF carrier frequency increases, which is due
to the bandwidth limitation of the RF components. Later the
modulationformatwaschangedtoQPSK,resultingina10-Gb/s
QPSK wireless signal at a carrier frequency of 82 GHz. At the
receiver, the 10-Gb/s QPSK wireless signal is successfully de-
modulated with BER values below , as shown in Fig. 4.
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Fig. 4. BER as a function of the received optical power of a 10- and 16-Gb/s
wireless QPSK signal at the RF carrier frequency of 82 GHz, with and without
adaptive equalization.
Fig. 5. Constellation diagrams of a 16-Gb/s 82-GHz wireless signal.
(a) Without and (b) with baud rate adaptive equalizer.
QPSK signals is performed with and without adaptive equalizer
at baud rate, and relatively small improvement of around 1 dB
is observed in the performance indicating that no severe inter
symbol interference (ISI) due the bandwidth limitations of the
RF components is experienced. Then, the baud rate is changed
to8Gbaud resultingina 16-Gb/sQPSKwirelesssignal,and the
BER of the 16-Gb/s signals is also plotted versus the received
optical power in Fig. 4. It is observed that for 8-Gbaud case, the
adaptive equalizer pushes down the BER from to
for a received optical power of 41 dBm indicating strong ISI
arising from the bandwidth limitations of the RF components.
It can also be noted that when changing the bit rate from 10 to
16 Gb/s and by using adaptive equalization, a penalty of around
3 dB is induced, which is mainly attributed to the frequency re-
sponse of the RF components. For instance, the photodiode has
a 3-dB cut-off at 90 GHz, and the -band ampliﬁer has a 2-dB
lowergainat90GHz.Inordertodemonstratetheeffectofadap-
tive digital equalization, the constellation diagrams of the de-
modulated QPSK signal with and without digital equalization
for dBm are plotted in Fig. 5(a) and (b), respec-
tively.ItisobservedfromFig.5(a),wheredigitalequalizationis
not applied, that it is very difﬁcult to distinguish data points and
no successful demodulation can be performed. After applying
the equalization [see Fig. 5(b)], the constellation points look
clear and well separated with successful signal demodulation at
a BER below . The applied equalizer has only seven taps
and can be thereby easily implemented in hardware. Apart from
the bandwidth limitations of the RF components, the critical pa-
rameter for the system performance is the amount of the total
frequency offset which can be tracked by the digital carrier-re-
covery scheme. For the wireless signal generation and subse-
quent detection, four different lasers are used in total, therefore,
the frequency offset may be large. In general, the ratio between
the total frequency offset and the baud rate should not exceed
10%, otherwise, advanced frequency tracking algorithms must
be employed. Another issue is that the total amount of phase
noise, which may set the limitations for the choice of the em-
ployed modulation format.
IV. CONCLUSION
Using digital coherent detection for wireless signal de-
modulation, all-optical generation of multigigabit-per-second
spectrally efﬁcient wireless signals can be obtained by simple
heterodyne mixing of an optical baseband signal with another
free-running laser in a photodiode. Successful wireless signal
generation and demodulation of a 5-Gb/s ASK and 16-Gb/s
QPSK wireless signal in the 75- to 110-GHz band is performed
demonstrating the modulation format transparency. The pro-
posedsystemdoesnotinvolveanymillimeter-wavecomponents
(only electronics at twice the baud rate are employed) or any
high-frequency analogue phase-locking mechanism, resulting
in the reduced overall system complexity.
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Abstract—Record wireless signal capacity of up to 40 Gb/s is 
demonstrated in the 75-110 GHz band. All-optical OFDM and 
photonic up-conversion are used for generation and digital 
coherent detection for demodulation. 
I. INTRODUCTION
Wireless links that can provide the same capacity as optical 
communication systems will provide a cost-effective solution 
for future’s wireless/wireline seamless network integration 
[1]. To realize high capacity wireless links approaching 40 
Gb/s and beyond, efficient technologies to generate and 
demodulate spectrally efficient modulation formats at mm-
wave frequency are mandatory.  The current trends in 
achieving record wireless capacities is by using electrical 
Orthogonal Frequency Division Multiplexing (OFDM) and 
using optical modulators for up-conversion to the desired RF 
carrier frequency [2, 3]. The techniques presented in [2, 3] 
have severe limitations: they require high-bandwidth complex 
arbitrary waveform generators and high-frequency RF 
components for signal generation and demodulation. Scaling 
those approaches to 40 Gb/s, and beyond, at mm-wave 
frequencies, is very challenging.  
What is most important is that in a converged 
wireless/wireline network scenario, seamless integration 
between the optical and wireless signal formats with RF/bit-
rate transparency and scalability is crucial. This is currently 
not achievable using conventional approaches [2, 3]. In this 
paper, we present a novel concept for high-capacity wireless 
links, based on all-optical OFDM and transparent RF carrier 
generation. The proposed technique relies on seamlessly 
converting a high-capacity all-optical OFDM baseband signal 
to a desired RF carrier frequency, without changing its 
modulation format, as shown in Fig. 1. This property 
provides complete transparency for integration between 
wireline and wireless signalling even at higher networking 
layers. In our experimental demonstration, signal generation 
is performed by heterodyne mixing of an all-optical OFDM-
QPSK [4] modulated baseband signal with another free-
running optical carrier to generate a high capacity mm-wave 
signal. The RF transparent signal demodulation, based on 
digital coherent detection [5] is used at the receiver. To 
demonstrate the scalability of the proposed, system, mm-
wave wireless signals at different baud-rates and with various 
numbers of OFDM subcarriers were generated at both the 60 
Figure 1: Experimental setup for the generation and demodulation of OFDM wireless signals. (The antennas are only for illustrative purpose and no wireless 
transmission was performed.) BPG: bit pattern generator, VOA: variable optical attenuator. 
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Post-deadline paperGHz band and the 75-110 GHz band. Using this approach, we 
successfully generate and demodulate up to 40 Gb/s wireless 
signals in the 75-110 GHz band. To the best of our 
knowledge this is the highest wireless capacity reported. 
Free-running lasers operation for heterodyne generation and 
detection without the need of any optical phase locked loops 
is achieved. The data demodulation and advanced signal 
equalization are performed in software resulting in significant 
complexity reduction and increased flexibility.
II. EXPERIMENTAL SET-UP
The experimental set-up for the generation and detection of 
high-capacity wireless OFDM signals is shown in Fig. 1. 
First, a high-capacity all-optical OFDM signal is generated. 
In the experiment, we generate up to three subcarriers all-
optical OFDM signals. For the generation of two subcarriers 
all-optical OFDM signal, an optical carrier emitted from an 
external cavity laser (ECL, = 1549.8 nm) is modulated by a 
sinusoidal electrical clock signal at frequency half the baud 
rate, in a MZM biased at its minimum transmission point. 
The minimum transmission point generates an Optical Carrier 
Suppression (OCS) modulation where the two OFDM 
subcarriers separated by the baud rate are generated. 
Similarly, for generating three subcarriers all-optical OFDM 
signal, the electrical clock signal frequency is changed to the 
baud rate and the MZM bias is chosen by optimizing the 
power of the three subcarriers (the optical carrier, and the 
sidebands). The optical subcarriers are then fed into an 
optical I/Q modulator, where two independent data streams 
(pseudo random bit sequence of length 2
15-1) at baud rate 
modulate the phase of the subcarriers resulting in QPSK 
modulation on the subcarriers. The output of the optical I/Q 
modulator is an all-optical OFDM-QPSK modulated signal. 
The all-optical OFDM-QPSK modulated signal is then 
amplified and combined with another un-modulated CW 
optical carrier ().The combined all-optical OFDM-QPSK 
signals and the un-modulated CW carrier are then transmitted 
to the remote antenna site (see Fig. 1) where they are 
heterodyne mixed in a (100 GHz bandwidth) Photo-Diode 
(PD). The polarization of the optical signals is optimized 
prior to photo-detection to maximize the RF power at the 
output of the PD. The output of the photo-diode is a high-
capacity OFDM-QPSK electrical signal at the desired RF 
carrier frequency. The desired RF carrier frequency is simply 
chosen by varying the wavelength of the un-modulated CW 
optical source.  
The electrical mm-wave OFDM-QPSK modulated signal is 
received at the receiver antenna site (Fig. 1) and transmitted 
through a few meter of fibre (20 m) prior to signal 
demodulation using the RF transparent technique [5]. Prior to 
demodulation, the mm-wave signal is electrically amplified 
and modulated on an optical carrier at  (1549.2 nm), 
emitted from a distributed feed-back laser integrated with a 
100 GHz travelling wave electro-absorption modulator (DFB-
TW-EAM), and developed in the European Project ICT-
HECTO. Fig. 2 shows the output of the TW-EAM when 
modulated using a 10 Gbaud two subcarrier OFDM-QPSK 
wireless signal in the 75-110 GHz band (fRF=82 GHz). From 
Fig. 2, it can be seen that the sidebands 82 GHz apart from 
the optical carrier () contain the two subcarrier OFDM-
QPSK signal. To perform the demodulation, only one of the 
sidebands is required, which is filtered out using a fibre 
Bragg’s grating (FBG extinction ratio > 25 dB). 
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Figure 2: The optical spectrum at the output of the TW-EAM with and 
without the OFDM QPSK data modulation on the 75-110 GHz band wireless 
signal. 
The filtered sideband is fed into an optical pre-amplified 
receiver prior to detection. The pre-amplified optical signals 
are intradyne mixed with an optical local oscillator (LO) in an 
optical 90º hybrid. The photo-detected in-phase and 
quadrature outputs of the optical hybrid are sampled using a 
20 GS/s real-time oscilloscope and demodulated offline. The 
demodulation process consists of OFDM demodulation, blind 
equalization, QPSK demodulation and Decision-Directed 
(DD) post-equalization.  
III. RESULTS
In order to test the scalability to the RF carrier frequency and 
bit rate, the system is tested in 60 GHz and 75 -110 GHz 
band. First, the baud rate is set to 5 Gbaud, and the RF carrier 
frequency is chosen to 60 GHz. In, Fig. 3, the bit error rates, 
versus the received optical power, of the single carrier QPSK 
and two subcarriers OFDM-QPSK wireless signal are plotted. 
It is observed that for the single carrier and multi-carrier 
OFDM modulation format, the BER below 10
-3, is achieved 
indicating successful signal demodulation.  Additionally, the 
results indicate that it is possible to use all-optical OFDM for 
high-capacity wireless signal generation.   
By moving from 60 GHz to 75–110 GHz band, we have more 
available bandwidth and the baud rate is therefore increased 
from 5 Gbaud to 10 Gbaud, resulting in the total bit rate of 20 
Gb/s. A power penalty of around 4 dB is observed in the case 
of single carrier QPSK modulation at 10 Gbaud for the BER 
of 10
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Figure 3: The BER plotted as a function of received optical power for single 
carrier and multi-carrier OFDM in 60 GHz and 75GHz – 110 GHz band. 
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Figure 4: Constellation diagrams of the 40 Gb/s 2 subcarrier OFDM-QPSK 
wireless signals. (a) Subcarrier 1, (b) Subcarrier 2. 
This power penalty is as expected, since the amplifier used in 
the 75–110 GHz band has around 6 dB lower gain compared 
to the one used at 60 GHz. Similarly the 100 GHz photo-
diode used for both 60 GHz and 75–110 GHz band has a 3 dB 
cut off bandwidth around 90 GHz. Also, the TW-EAM has a 
cut-off bandwidth of 75 GHz, and the product of the 
frequency response of all these components severely distorts 
the 75-110 GHz signals. We also tested the wireless signal 
generation and demodulation using two subcarriers all-optical 
OFDM at 5 Gbaud in 75-110 GHz band. The BER for the 
received power of -46.5 dBm, is shown in Fig. 3, and a 
relatively large penalty is observed compared to the single 
carrier 10 Gbaud case.   
Even though the two subcarriers OFDM-QPSK signal at 5 
Gbaud occupies less bandwidth compared to the single carrier 
at 10 Gbaud, the bandwidth limitation of the components and 
nonlinear phase response is more crucial for OFDM signal. 
Bandwidth limitation and phase ripple will destroy the 
orthogonality among the subcarriers and introduce ISI which 
is difficult to get rid of. 
40 Gb/s OFDM Signal Generation 
For the generation of 40 Gb/s wireless signals the baud rate 
was set to 10 GBaud which results in 20 Gb/s data rate with 
single carrier QPSK modulation. Two sub carriers were 
generated in an OFDM configuration resulting in a 40 Gb/s 
optical 2 sub carrier OFDM-QPSK signal. The heterodyne 
mixing and photo detection results in a 40 Gb/s wireless 
signal. The constellation diagrams of both the subcarriers of a 
2-subcarrier OFDM-QPSK signal in the 75-110 GHz band 
are plotted in Fig. 4. Fig.4, indicates that in spite of the sever 
bandwidth limitations, constellation diagrams can be 
recovered.  The BER of the subcarrier 1 and subcarrier 2 is -
1.8 and -2.7 (below UFEC), respectively. It can be seen that 
the subcarrier 1 has a distorted constellation compared to the 
other subcarrier. This can be explained from the bandwidth 
limitations of the RF components involved. The total 
electrical bandwidth of the 40 Gb/s QPSK signal is around 25 
GHz (70-95 GHz), which is more than the bandwidth of the 
RF components, which severely distort the OFDM signal.  
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Figure 5: The BER as a function of generated bit-rate for all-optical OFDM-
QPSK wireless signal generation in 60 GHz and 75GHz -110 GHz band.  
In Fig. 5, we have summarized the highest achieved bit-rates 
when all-optical OFDM is used for wireless signal generation 
in 60 GHz and 75 –110 GHz band. At 60 GHz, we push the system performance by employing three subcarriers all-
optical OFDM-QPSK for wireless signal generation. Taking 
into consideration the bandwidth limitations of components, 
the baud rate is set to 4 GBaud, resulting in a total bit rate of 
24 Gb/s.  It is observed in Fig. 4, that the average BER of the 
three subcarriers is below the UFEC limit. In the 75 GHz-110 
GHz band, the baud rate is first increased to 8 GBaud and two 
subcarriers all-optical OFDM is used for wireless signal 
generation resulting in the total bit rate of 32 Gb/s. Next, the 
baud rate is increased to 10 GBaud, resulting in the total bit 
rate of 40 Gb/s by applying two subcarriers OFDM-QPSK, 
see Fig. 4, as explained earlier.   
IV. CONCLUSIONS
We have presented a novel scalable high-capacity wireless 
signal generation technique based on a conversion of an all-
optical OFDM baseband singnal, to the wireless signal, by 
simple heterodyning and digital coherent detection at the 
receiver. It should be mentioned that this is the first attempt 
to generate wireless signal capacities of up to 40 Gb/s. 
Record wireless capacity of up to 40 Gb/s has been achieved 
using this technique. The proposed technique for generation 
and demodulation is tolerant to dispersion and incorporates 
only baseband components which enable easy integration 
with current optical access networks.  
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